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Preface

Obesity and type 2 diabetes have become major public health concerns
worldwide with an exponential increase in numbers over recent years.
Currently (2007) there are more than a billion overweight adults, surpassing
the number of under nourished adults for the ﬁrst time in human history.
Obesity is not merely a problem of the developed world, but also of the
developing world – notably China, India and South America. As obesity and
diabetes are intimately interlinked, their management and treatment may
need to be considered together. It is now well recognised that the etiology
of obesity is multi-factorial, and that foods we consume may have a contributory role. It is with this in mind that the current book has been developed.
The book is largely organised into the following themes:
•

Part I discusses ingredients implicated in the body’s response to appetite
and satiety;
• Part II concentrates on ingredients derived from cereals, fruits and vegetables that can assist in weight control;
• Part III details ingredients such as calcium, CLA and trans-free oils and
fats that may contribute to regulate body weight.
This unique book has brought together many key researchers on new
product development for weight management and should serve as a ready
reference for those interested and involved in the development of foods for
weight management.
I am privileged to have collaborated with some of the most gifted international scientists working on the development of speciﬁc products and
ingredients that may help control body weight. I unreservedly thank all the
contributors for their unbridled support in sharing their expertise. We hope
that readers will ﬁnd the book a useful resource to combat the global pandemic of obesity.
C. J. K. Henry
Oxford

Part I
Food and obesity

1
Lipid metabolism: its role in energy
regulation and obesity
M. Leonhardt and W. Langhans, ETH Zürich, Switzerland

1.1

Introduction

Fat is an important macronutrient. It provides substrates for energy turnover, is an integral part of biological membranes and regulates gene expression (Jump et al. 2005). In the Western world dietary fats constitute about
40% of human energy intake (Mu and Hoy 2004), and several studies have
revealed a positive relationship between the level of fat intake and body
weight in humans (Bray and Popkin 1998; Astrup et al. 2000; Saris et al. 2000;
Satia-Abouta et al. 2002; Huot et al. 2004; Mosca et al. 2004). High-fat diets
may increase the obesity risk because of: (a) the usually high energy density
of such diets (Rolls 2000; Westerterp-Plantenga 2001), (b) the often high
palatability of fat-rich foods (Drewnowski 1998) and (c) the ﬁnding that
fats seem to have a lower short-term satiating capacity than carbohydrates
[for review see Blundell and Stubbs (1999)].
Obesity is now a global health problem of epidemic proportions.
Worldwide more than 1.1 billion adults and 10% of all children are currently classiﬁed as overweight or obese (Haslam and James 2005). Although
the important contribution of high fat intake to the development of obesity
is widely accepted, it is also clear that fat cannot be the only culprit [for
review see Willett (1998)]. The tremendous increase in obesity is – in addition to a high fat intake – related to genetic susceptibility and decreased
physical activity (Kopelman 2000). Obesity is a major risk for chronic diseases including type 2 diabetes, coronary heart disease and different forms
of cancer (Kopelman 2000; Haslam and James 2005).
This review focuses on lipid metabolism including de novo lipogenesis
(DNL), and on the role of adipose tissue as an endocrine organ.
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Pharmacological and dietary substances that inhibit fatty acid synthesis
are presented and their potential for the treatment of obesity is
discussed.

1.2

Lipid metabolism: from digestion and synthesis
to storage

The most important lipid components of our diet are triacylglycerols
(TAG, about 100 g/day), followed by phospholipids (about 5 g/day) and
small amounts of glycerolipids, sterols and fat-soluble vitamins (Mu
and Hoy 2004). The efﬁciency of the organism in digesting and absorbing
TAG is very high (about 95%). TAG consist of a glycerol molecule
acylated with three fatty acids. The positions are numbered by the
stereochemical numbering system, i.e. fatty acids may be designated
sn1-, sn2- and sn3-. In human diets the fatty acids vary in chain length from
C2 to C24, and from saturated to unsaturated fatty acids with up to six
double bonds (Mu and Porsgaard 2005). Quantitatively relevant fat sources
in the diet are oils – such as olive oil, soybean oil and ﬁsh oil – milk fat
and adipose tissue of certain animals including marine species (Mu and Hoy
2004).
Fat digestion occurs in the stomach and intestine. After chewing, a food
bolus is formed and transported to the stomach, where a partial hydrolysis
of TAG into diacylglycerols and free fatty acids (FFA) takes place (Mu
and Hoy 2004). In humans the lipases in the stomach, are derived from the
tongue (lingual lipase) or from the stomach, with gastric lipase being
the predominant enzyme (Denigris et al. 1988; Hamosh 1990). Gastric predigestion accounts for about 15% of fat digestion and facilitates the
digestion process in the small intestine. Pancreatic lipase is the major contributor to TAG hydrolysis (Lowe 1997). The appearance of TAG degradation products in the proximal intestine causes gall bladder emptying,
pancreatic lipase secretion and cholecystokinin release (Meyer and Jones
1974; Watanabe et al. 1988). TAG are emulsiﬁed by bile acids, which are
strong detergents, markedly increasing the available surface for pancreatic
lipase binding, hence promoting TAG digestion. The degradation process is
region-speciﬁc and ideally results in the formation of sn2-monoacylglycerols and FFA, which are then absorbed by enterocytes (Mu and Hoy 2004).
In the smooth endoplasmic reticulum of the enterocytes, new TAG are
synthesized and lipoproteins are formed, which are subsequently secreted
into the lymph. Two major lipoproteins are secreted by the intestine: chylomicrons (CM) and very low density lipoproteins (VLDL). CMs are TAGrich lipoproteins synthesized in the small intestine after a meal to transport
lipids, whereas VLDL are formed during fasting when the level of
exogenous lipids is too low to drive CM formation. Intestinal lipoproteins
are secreted into tiny lymph vessels inside each of the intestinal villi, and
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then enter the circulation in the subclavian vein via the thoracic duct (Mu
and Hoy 2004; Williams et al. 2004). Nevertheless, not all lipids are
transported via lymphatics, and some can also be transported directly to the
liver via the hepatic portal vein. The most important factor affecting the
portal–lymph distribution is the chain length of fatty acids: short- and
medium-chain fatty acids are mainly transported via the portal vein, whereas
long-chain fatty acids are transported via the lymphatic system (St Onge
and Jones 2002). Lipoprotein lipase located at or close to the capillary
endothelial wall in extra-hepatic tissues, such as heart, skeletal muscle and
adipose tissue, rapidly hydrolyzes circulating CM TAG. The resulting
CM remnants are recognized and removed by the liver. The action of
lipoprotein lipase provides FFA and 2-monoacylglycerols for tissue utilization. In white adipose tissue, FFA are re-esteriﬁed with glucose-derived
glycerol-3-phosphate for the storage of energy as TAG, whereas in other
tissues FFA are mainly oxidized to drive cell metabolism or thermogenesis
(Mead et al. 2002).

1.3

Adipose tissue

White adipose tissue was long seen as a passive reservoir for the storage of
fat derived from the diet or from endogenous synthesis. Meanwhile it is
clear that white adipose tissue is also an important endocrine organ [for
review see Kershaw and Flier (2004)]. The proteins that are produced and
released by adipose tissue are called adipokines. It is important to note that
white adipose tissue is not a homogeneous organ. The two best-described
adipose tissue depots are subcutaneous and visceral adipose tissues. FFA,
glycerol and hormones from visceral adipose tissue are directly released
into the hepatic portal vein and thus have direct access to the liver, whereas
the subcutaneous fat depots release their adipokines and metabolites into
the systemic circulation. Therefore it is clear that visceral adipose tissue has
a greater effect on hepatic metabolism than subcutaneous adipose tissue.
Finally, the two adipose tissues have different adipokine secretion patterns,
with visceral adipose tissue secreting mainly interleukin-6 (IL-6) and plasminogen activator inhibitor (PAI), whereas the secretion of leptin and
adiponectin is relatively greater from subcutaneous than from visceral
adipose tissue. Furthermore, visceral and subcutaneous adipocytes also
carry different receptors on their surfaces and, hence, respond differently
to signals. For example, expression of β3-adrenergic, glucocorticoid, and
androgen receptors is greater in visceral than in subcutaneous adipose
tissue. All these differences might contribute to the fact that enlarged visceral but not subcutaneous adipose tissue is associated with increased risk
for several diseases and in particular the metabolic syndrome (Kershaw and
Flier 2004). In the following section we will discuss the most important
proteins secreted by white adipose tissue.
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1.3.1 Adipose tissue-derived proteins
Leptin
Leptin was ﬁrst characterized in 1994 (Zhang et al. 1994) and is one of the
most important adipose tissue-derived hormones (Stanley et al. 2005).
Leptin is the product of the ob gene which is predominantly expressed in
adipocytes (Zhang et al. 1994), but also in gastric epithelium (Bado et al.
1998) and placenta (Masuzaki et al. 1997). The name ‘leptin’ has its roots in
the Greek word ‘leptos’, meaning thin, and leptin was initially viewed as an
adipocyte-derived signal that functions primarily to prevent obesity (Flier
2004). Indeed, the effects of leptin on energy homeostasis are well documented: exogenous leptin administration, both centrally and peripherally
reduces food intake and increases energy expenditure (Friedman and
Halaas 1998; Rosenbaum and Leibel 1998; Kershaw and Flier 2004).
Adipocytes secrete leptin, however, in direct proportion to adipocyte size,
and the majority of obese animals and humans have increased plasma leptin
instead of an absolute or relative leptin deﬁciency (Kershaw and Flier
2004). Furthermore, short-term fasting results in a larger suppression of
circulating leptin than would be expected from the loss of fat mass alone
(Dubuc et al. 1998; Mars et al. 2005, 2006). A more recent concept proposes
that a decrease in plasma leptin concentration might serve as an important
signal from fat to brain informing the brain that the body is starving.
Consequently, in the absence of leptin, the brain senses energy deﬁciency
despite massive obesity and thus leptin’s primary role may be as a hormone
of starvation rather than one of plenty (Flier 2004).
Leptin signals via a single-transmembrane-domain receptor. Alternative
mRNA splicing and post-translational processing results in multiple isoforms of the receptor (Ob-R), such as the long, short and secreted form of
the Ob-R (Stanley et al. 2005). Many effects of leptin on food intake and
energy expenditure are mediated primarily via hypothalamic pathways. It
is therefore hardly surprising that the long form of the Ob-R is expressed
widely within the hypothalamus, in particular in the arcuate nucleus (ARC),
but also in areas of the brain stem that are involved in the control of food
intake. Two major types of ARC neurons carry the long form of the Ob-R:
(1) neurons expressing the orexigenic neuropeptides neuropeptide Y (NPY)
and agouti-related peptide (AgRP), and (2) neurons expressing proopiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript (CART). Through the Ob-R, leptin inhibits the activity of orexigenic
NPY/AgRP neurons and activates anorectic POMC/CART neurons. The
absence of leptin action has profound effects on body weight. Lack of circulating leptin or of functional leptin receptors due to mutations in the
pertinent genes leads to hyperphagia, obesity and neuroendocrine disturbances. This holds for the leptin- or leptin receptor-deﬁcient ob/ob or db/db
mouse, but also for genetic leptin deﬁciency in humans. The lack of leptin
phenotype can be ameliorated by administration of exogenous leptin
(Stanley et al. 2005). Finally, leptin has many functions besides control of
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energy homeostasis: it regulates the onset of puberty, promotes proliferation and differentiation of hematopoic cells, alters cytokine production by
immune cells, stimulates endothelial cell growth and angiogenesis, and
accelerates wound healing (Kershaw and Flier 2004).
Adiponectin
Adiponectin, also called adipocyte complement-related protein (Acrp30)
or adipose most abundant gene transcript (apM1), is a protein hormone
with circulating blood levels that are up to 1000-fold higher than those of
other hormones such as leptin and insulin (Stanley et al. 2005).
The exact function of adiponectin is largely unknown, but it is postulated
to regulate energy homeostasis (Stanley et al. 2005): peripheral administration of adiponectin to rodents has been shown to attenuate body weight
gain by increasing oxygen consumption without affecting food intake (Berg
et al. 2001; Fruebis et al. 2001; Yamauchi et al. 2001; Yang et al. 2001). The
plasma concentration of adiponectin is inversely correlated with adiposity
in primates (Hotta et al. 2001) including humans (Yang et al. 2001; Faraj et
al. 2003). Furthermore, plasma adiponectin increases during food restriction
in rodents (Berg et al. 2001) including after weight loss induced by a calorierestricted diet (Hotta et al. 2000) or gastric partition surgery in obese
humans (Yang et al. 2001).
Plasma adiponectin levels correlate negatively with insulin resistance
(Hotta et al. 2001), and adiponectin knock-out mice demonstrate severe
diet-induced insulin resistance (Stanley et al. 2005), suggesting that adiponectin improves insulin sensitivity. Recently, two distinct adiponectin receptors have been cloned: adipoR1, which is highly expressed in skeletal muscle,
and adipoR2, which is highly expressed in the liver. Adiponectin receptors
have also been detected in the hypothalamus (Qi et al. 2004). All in all,
adiponectin or potent adipoR agonists might have potential for the treatment of diabetes and obesity.
Resistin
Resistin was identiﬁed in 2001 (Steppan et al. 2001), and rodent studies
conﬁrmed its adipose tissue-speciﬁc expression. Circulating resistin is
increased in obese rodents (Rajala et al. 2004) and it appears to increase
insulin resistance (Steppan et al. 2001; Banerjee and Lazar 2003). Mice
lacking resistin have similar body weight as wild-type mice, but they exhibit
lower blood glucose levels after fasting, due to reduced hepatic glucose
production (Banerjee et al. 2004). Recently, Graveleau et al. (2005) demonstrated that resistin directly impaired glucose transport in primary mouse
cardiomyocytes. All these ﬁndings suggest that resistin contributes to the
development of insulin resistance in obese rodents. Nevertheless, whether
resistin also plays a role in human obesity and diabetes is still unclear
(Banerjee and Lazar 2003).
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Acylation-stimulating protein
Acylation-stimulating protein (ASP) is produced in white adipose tissue
and its synthesis requires three proteins: C3, adipsin and factor B (Faraj
et al. 2004). ASP promotes fatty acid uptake and TAG synthesis, and it
decreases lipolysis and FFA release from adipocytes (Cianﬂone et al. 2003).
ASP-deﬁcient mice are hyperphagic, but their energy expenditure is
increased resulting in reduced body fat compared with wild-type mice (Xia
et al. 2004). Also, these mice are resistant to diet-induced weight gain
(Rajala and Scherer 2003). Several human studies indicate that ASP positively correlates with adiposity and insulin resistance (Cianﬂone et al. 2003).
Consistent with this ﬁnding, plasma ASP levels decrease with body weight
loss (Faraj et al. 2003).
Tumor necrosis factor-α
Adipocytes are a predominant source of tumor necrosis factor α (TNF-α)
and express both types of TNF-α receptors (Faraj et al. 2004). The association of TNF-α with type 2 diabetes and insulin resistance is well documented (Hotamisligil et al. 1993; Ruan and Lodish 2003), and mice lacking
TNF-α function are protected from obesity-induced insulin resistance
(Uysal et al. 1997). TNF-α reduces insulin signaling in many peripheral
tissues such as liver, muscles and white adipose tissue (Faraj et al. 2004). In
adipose tissue, TNF-α represses genes involved in the uptake and storage
of FFA and lipogenesis, whereas it increases expression of genes favoring
FFA and cytokine release (Ruan et al. 2002). In humans, weight loss
decreased circulating TNF-α, but plasma levels of TNF-α did not correlate
with measures of insulin resistance (Bruun et al. 2003), and systemic administration of a TNF-α antibody failed to improve insulin sensitivity in obese
subjects with established type 2 diabetes (Ofei et al. 1996). Therefore, in
contrast to rodents, it is not so clear that TNF-α contributes to obesityinduced insulin resistance in humans (Faraj et al. 2004).
Interleukin-6
Interleukin-6 (Il-6) is produced by a number of cells, including monocytes,
endothelial cells, smooth muscle cells and adipocytes (Faraj et al. 2004). Up
to 35% of the basal supply of Il-6 is derived from white adipose tissue
(Mohamed-Ali et al. 1997). In obese male subjects, plasma levels of Il-6
were increased and correlated with measures of insulin resistance (Bruun
et al. 2003). These ﬁndings appear to suggest a causal role for Il-6 in obesity
and insulin resistance (Kershaw and Flier 2004). In contrast to this assumption, however, mice with targeted deletion of Il-6 develop mature-onset
obesity and display impaired glucose clearance (Wallenius et al. 2002),
whereas over-expression of Il-6 in pancreatic cells of non-obese diabetic
mice resulted in delayed onset of diabetes mellitus and prolonged survival
(Dicosmo et al. 1994). Therefore, increased Il-6 plasma levels may be a
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consequence rather than a cause of obesity and may be an attempt to
prevent metabolic perturbations (Faraj et al. 2004). At the moment it is
unclear whether IL-6 mimetic or antagonizing strategies may achieve a role
in treating metabolic diseases.
This brief summary of some important factors produced and secreted by
adipose tissue highlights the importance of adipose tissue as an endocrine
organ playing a major role in energy homeostasis. It can be expected that
even more genes expressed in adipose tissue will be identiﬁed and characterized in the future, and that these discoveries will promote our understanding of the role of adipose tissue at the crossroads of energy balance
regulation, obesity and inﬂammation.

1.4

De novo lipogenesis

In situations where carbohydrates, proteins and fats are ingested in high
amounts, excess dietary fat can easily be stored as TAG in adipose tissue.
The storage capacity for carbohydrates in the form of glycogen is limited,
however, and in humans no protein has been identiﬁed whose sole function
is to serve as an amino acid reservoir. Therefore, the body must be capable
of transforming surplus non-fat energy into fat. This process is called de
novo lipogenesis (DNL). In humans, DNL occurs in the liver and, possibly
to a lesser extent, in adipose tissue (Hellerstein et al. 1996). Obviously, the
key component of DNL is the biosynthesis of FFA – mainly palmitate –
which is a complex process that starts from acetyl-coenzyme A (CoA) and
takes place in the cytosol (Fig. 1.1). Acetyl-CoA is generated in the mitochondria, but citrate and not acetyl-CoA is transported into the cytosol.
There, the citrate is cleaved to acetyl-CoA and oxaloacetate by the enzyme
ATP-citrate lyase (CL). The enzyme acetyl-CoA carboxylase (ACC) catalyzes the production of malonyl-CoA. This is the controlling step in fatty
acid synthesis. The fatty acid synthase (FAS) is responsible for the overall
synthesis of fatty acids. It is a single polypeptide containing seven distinct
enzymatic activities. FAS catalyzes a series of condensation reactions each
accompanied by decarboxylation and two reductions with the reduced form
of nicotinamide adenine dinucleotide phosphate (NADPH) as a hydrogen
donor, and this reaction is repeated until formation of a palmitate molecule
is achieved (Hellerstein et al. 1996). DNL is stimulated by a low-fat, highcarbohydrate diet in weight-stable human subjects (Hudgins et al. 1996),
but it is generally assumed that fatty acid biosynthesis is an unimportant
metabolic pathway in humans. Schwarz et al. (1995) quantiﬁed that even
humans receiving a diet with 50% energy surplus as carbohydrate synthesize less than 5 g fatty acids in the liver per day. Yet, we have to keep in
mind that: (a) it is difﬁcult to assess DNL in humans (Schutz 2004) and that
(b) it is unknown how longer-term overfeeding with a high-carbohydrate
diet affects DNL in lean and obese subjects (Schutz 2000). Furthermore,
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Fig. 1.1 Diagram depicting the effects of several substances on DNL and CPT 1
activity: dashed arrow, activation; dotted arrow, inhibition. Abbreviations: ACC,
acetyl-CoA carboxylase; AS, amino acids; CL, ATP-citrate lyase; CPT 1, carnitine
palmitoyl transferase 1; FAS, fatty acid synthase; Fru, fructose; Glu, glucose; HCA,
hydroxycitric acid; MCD, malonyl-CoA decarboxylase; OAA, oxaloacetate;
PPAR-α, peroxisome proliferator-activated receptor-α; TCA, tricarboxylic acid;
LCFA-CoA, long-chain fatty acid-CoA; P, phosphate; n-3 PUFA, n-3 polyunsaturated fatty acid.

DNL also contributes to multiple cellular processes. McGarry and Foster
(1980) found that malonyl-CoA, the ﬁrst intermediate product of DNL, is
a potent inhibitor of the carnitine palmitoyl transferase 1 (CPT 1), the
enzyme that catalyses the rate-controlling step in mitochondrial fatty acid
oxidation (Foster 2004) (Fig. 1.1). This ﬁnding might explain why so many
non-lipogenic tissues, such as heart and brain, also express enzymes of DNL;
the ability to generate malonyl-CoA allows cells to block mitochondrial
fatty acid oxidation quickly by switching to carbohydrate utilization. The
ﬁnding that certain neurons in the brain, notably in the hypothalamus,
express enzymes involved in DNL and fatty acid oxidation is surprising
because under normal conditions the brain almost exclusively metabolizes
glucose (Seeley and York 2005). Presumably, intermediates in the DNL
pathway, such as malonyl-CoA, serve as energy sensors that signal higher
brain centers to produce appropriate responses, i.e. changes in food intake
and energy expenditure (Dowell et al. 2005). Therefore, DNL in specialized
neurons of the brain appears to play a crucial role in the control of energy
balance (Ronnett et al. 2005).

Lipid metabolism: its role in energy regulation and obesity

11

1.4.1

Importance of de novo lipogenesis assessed by transgenic
animal technology
The general importance of DNL is emphasized by the ﬁnding that the generation of homozygous knock-out mice lacking important enzymes of DNL
– such as CL (Beigneux et al. 2004), ACC 1 (Abu-Elheiga et al. 2005) and
also FAS (Chirala et al. 2003) – is impossible because these mice have lethal
development defects, suggesting an important role for DNL in embryonic
development (Beigneux et al. 2004).
As already mentioned, one important step of DNL is the carboxylation
of acetyl-CoA to form malonyl-CoA that is catalyzed by ACC (Fig. 1.1).
Malonyl-CoA is an important metabolic intermediate that signals to the
cell that surplus energy is available (Ruderman et al. 2003). Furthermore,
besides being an intermediate in DNL, malonyl-CoA also plays a pivotal
role in the control of fatty acid oxidation (Abu-Elheiga et al. 2000). Two
isoforms of ACC (ACC 1 and ACC 2) have been identiﬁed in animals
and humans. ACC 1 is a cytosolic protein that is highly expressed in lipogenic tissues, such as liver and adipose tissue. ACC 2 is associated with
mitochondria suggesting that it is mainly involved in the control of mitochondrial fatty acid oxidation. In line with this assumption, ACC 2 is
expressed in tissues such as muscle and brain, in which little or no DNL
takes place (Abu-Elheiga et al. 2000). Whereas the genetic lack of ACC 1
is lethal (Abu-Elheiga et al. 2005), mice lacking ACC 2 have a normal life
span, a higher fatty acid oxidation rate and less adipose tissue weight (AbuElheiga et al. 2001). Furthermore, ACC 2-deﬁcient mice turned out to be
protected against obesity and diabetes induced by a high-fat, high-carbohydrate diet (Abu-Elheiga et al. 2003). Therefore, ACC 2 seems to be an
interesting therapeutic target in the ﬁght against obesity and related
disorders.
All these ﬁndings support the important role of DNL in energy homeostasis, but also in embryonic development. With respect to the latter aspect
it is very important to consider possible teratogenic consequences of antiobesity drugs aimed at inhibiting DNL.
1.4.2

Substances reducing the rate of de novo lipogenesis and their
possible therapeutic potential for the control of obesity
Pharmacological substances
C75
C75, an inhibitor of the enzyme FAS, was initially developed for the treatment of certain cancers (Kuhajda et al. 2000) because many common human
cancers express high levels of FAS. Subsequent tests revealed that systemic
and intracerebroventricular (i.c.v.) administration of C75 in mice reduced
food intake and body weight (Loftus et al. 2000), making FAS also an interesting target in the therapy of obesity. C75 blocks the conversion of malonylCoA into fatty acids and, hence, increases tissue levels of malonyl-CoA
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(Loftus et al. 2000). A C75-induced increase in hypothalamic malonyl-CoA
and a decrease in AMP-activated kinase activity and subsequent changes
in the expression of hypothalamic orexigenic (NPY, AgRP) and anorectic
(POMC, CART) neuropeptides are presumably involved in the feedinginhibitory effect of C75 (Kumar et al. 2002; Ronnett et al. 2005). Yet, not all
ﬁndings support the assumption that hypothalamic malonyl-CoA levels are
involved in the feeding-inhibitory effect of i.c.v. C75 (Wortman et al. 2003).
In addition, some results (Clegg et al. 2002; Takahashi et al. 2004; Rohrbach
et al. 2005) indicate that intraperitoneally (i.p.) injected C75 has unspeciﬁc
aversive effects in rodents.
Although C75 clearly increases malonyl-CoA, which should inhibit CPT
1 and, hence, mitochondrial fatty acid oxidation (McGarry and Foster 1980)
(Fig. 1.1), the published results on the effect of C75 on CPT 1 activity and
fatty acid oxidation are controversial. Bentebibel et al. (2006) demonstrated
that the CoA derivative of C75 is a potent inhibitor of CPT 1 and fatty acid
oxidation, whereas Thupari et al. (2002) showed that i.p. injected C75
increased CPT 1 and fatty acid oxidation in adipose tissue and liver despite
a high tissue level of malonyl-CoA. C75 stimulated CPT 1 and increased
intracellular ATP levels also in primary cortical neuronal cultures, similar
to its effects in peripheral tissues (Kim et al. 2004; Landree et al. 2004). C75
also increased whole-body and in particular skeletal-muscle fatty acid oxidation when injected i.c.v. in mice. Phentolamine, an α-adrenergic blocking
agent, prevented the C75-induced increases in whole-body fatty acid oxidation, implicating the sympathetic nervous system in this effect (Cha et al.
2005). One consequence of an increase in whole-body fatty acid oxidation
is that energy expenditure is also increased, and this effect in response
to C75 was more pronounced in mice with diet-induced obesity compared
with lean mice (Tu et al. 2005). Finally, FAS seems to generate signals
that may be essential for the differentiation of preadipocyte, because inhibition of FAS by C75 prevented preadipocyte differentiation (Schmid et al.
2005).
All in all, C75 [for review see also Ronnett et al. (2005)] is presumably
not a drug that can be used for the treatment of human obesity, but it is an
interesting substance that allows researchers to study the roles of FAS and
CPT 1 in the control of food intake, body weight and adipose tissue mass
(Kuhajda et al. 2005).
Cerulenin and 5-(tetradecyloxy)-2-furoic acid
Cerulenin is another inhibitor of FAS that reduced food intake when
injected i.p. in mice, albeit not as potently as C75 (Loftus et al. 2000).
Another difference between cerulenin and C75 is that cerulenin does not
activate CPT 1 (Jin et al. 2004). In vitro cerulenin decreased fatty acid
oxidation by increasing cytosolic malonyl-CoA levels (Thupari et al. 2001).
When cerulenin was injected i.c.v., however, it increased energy expenditure
and CPT 1 activity in soleus muscle, possibly via sympathetic nervous
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system activation (Jin et al. 2004). 5-(Tetradecyloxy)-2-furoic acid (TOFA)
is an inhibitor of the enzyme acetyl-CoA carboxylase; it increases ATP
levels in neuronal cells in vitro (Landree et al. 2004), but does not affect
food intake in vivo. Pretreatment with TOFA actually reversed the anorectic effect of C75 (Loftus et al. 2000), suggesting that the absolute energy
status of hypothalamic neurons is not crucial for the control of food intake.
As is the case for C75, cerulenin and TOFA can presumably not directly be
used for the treatment of obesity. Yet again, all these substances are interesting tools with which to study the role of DNL in the control of food
intake and body weight.
Food ingredients
Hydroxycitric acid
Hydroxycitric acid (HCA) is a compound found in fruit rinds of Garcina
cambogia, Garcina indica and Garcina atroviridis. These plants are cultivated on the Indian subcontinent and in western Sri Lanka (Jena et al. 2002).
HCA has been shown to potently inhibit the extramitochondrial enzyme
CL (Fig. 1.1), which catalyses the cleavage of citrate to acetyl-CoA and
oxalacetate, another key step in DNL (Sullivan et al. 1972). Sullivan et al.
(1974b) demonstrated that oral administration of HCA dose-dependently
reduced in vivo lipogenesis in liver, adipose tissue and small intestine.
Furthermore, HCA caused a signiﬁcant reduction in food consumption and
body weight in rodent studies when animals had access to a high-glucose
diet that contained only 1% fat (Sullivan et al. 1974a). Recently, we demonstrated that HCA also reduced food intake and body weight in adult rats
after substantial body weight loss, when HCA was given with a high-glucose
(Leonhardt et al. 2001, 2004c; Leonhardt and Langhans 2002) or a highfructose diet (Brandt et al. 2006) that contained 120 g/kg of fat.
The mechanism involved in the feeding-inhibitory effect of HCA is
poorly understood. HCA reduces the availability of cytosolic acetyl-CoA
level (Michno et al. 2004) and thereby prevents the formation of malonylCoA (Fig. 1.1). HCA should therefore stimulate fatty acid oxidation.
Changes in peripheral, in particular, hepatic fatty acid oxidation are supposed to be involved in the control of food intake [for review see Leonhardt
and Langhans (2004)]. In cell culture experiments HCA reduced cytosolic
malonyl-CoA levels (Saha et al. 1997) and increased fatty acid oxidation
(Chen et al. 1994). However, whether this also occurs in vivo is unclear. In
one of our studies (Leonhardt et al. 2004a) HCA reduced the respiratory
quotient (RQ); this has also been shown in other animal (Ishihara et al.
2000) and human (Lim et al. 2002; Tomita et al. 2003) studies. A reduction
in RQ could be related to an increase in fatty acid oxidation and/or a reduction in DNL. DNL is an energy-consuming process, and the conversion of
carbohydrate to fat costs about 0.25 MJ per MJ of ingested carbohydrates
(Acheson and Flatt 2002). As a result, inhibition of DNL should decrease
energy expenditure. Indeed, HCA reduced energy expenditure in addition
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to the RQ (Leonhardt et al. 2004a), suggesting that the reduced RQ was
mainly related to the suppression of DNL. HCA also reduced DNL, RQ
and energy expenditure in humans (Kovacs and Westerterp-Plantenga,
2006). Another argument against the assumption that an increase in hepatic
fatty acid oxidation causes the feeding-inhibitory effect of HCA is that this
effect was shown to be independent of vagal afferents (Leonhardt
et al. 2004b), whereas several ﬁndings strongly suggest that the feedingstimulatory effect caused by an inhibition of peripheral fatty acid oxidation
is signaled to the brain by vagal afferents [for review see Leonhardt
and Langhans (2004)].
Wielinga et al. (2005) recently demonstrated that HCA delayed glucose
absorption, but it is unclear whether this effect is involved in the feedinginhibitory effect of HCA. Finally, HCA inhibited serotonin reuptake,
thereby increasing serotonin availability in isolated rat brain cortical slices
(Ohia et al. 2002) and HCA reduced the synthesis and release of acetylcholine in experiments on slices of rat caudate nuclei (Ricny and Tucek 1982).
However, so far it is unknown whether HCA can cross the blood–brain
barrier, which would be a precondition for a direct effect of HCA on brain
areas involved in food intake control.
Therefore, whereas a reduction in food intake and body weight by HCA
was shown in many rodent studies, the efﬁcacy of HCA in humans appears
to be inconsistent and variable: effects of HCA on food intake, body weight,
visceral fat accumulation or fatty acid oxidation have been reported in some
(Lim et al. 2002, 2003; Westerterp-Plantenga and Kovacs 2002; Hayamizu et
al. 2003; Tomita et al. 2003; Preuss et al. 2004), but not all (Kriketos et al.
1999; Mattes and Bormann 2000; van Loon et al. 2000; Kovacs et al. 2001a,b),
studies. Different experimental designs or differences in the HCA preparations employed might explain the discrepant ﬁndings. For example, the
bioavailability of various HCA preparations differs (Lim et al. 2005).
Finally, so far it is unclear whether long-term HCA treatment may have
adverse effects. Most animal studies indicate that HCA is a safe, natural
supplement that does not cause any changes in major organs or in hematology, clinical chemistry and histopathology (Ohia et al. 2002; Shara et al. 2004;
Soni et al. 2004; Oikawa et al. 2005). However, in one study a high dose of
HCA caused potent testicular atrophy and toxicity (Saito et al. 2005), and
we recently observed that long-term application of HCA increased liver
lipid content and plasma cholesterol levels in rats (Brandt et al. 2006). One
explanation for the unexpected effects of HCA on lipid metabolism might
be that HCA stimulates the enzyme ACC (Hackenschmidt et al. 1972). Thus,
HCA acts as an inhibitor of DNL only if cytoplasmatic acetyl-CoA is produced by the citrate cleavage enzyme reaction, whereas HCA will not affect
(Zambell et al. 2003) or even activate fatty acid synthesis whenever an
alternative source of cytoplasmatic acetyl-CoA, e.g. acetate, is available
(Hackenschmidt et al. 1972). It is still unclear whether HCA also enhances
lipid synthesis and hepatic lipid accumulation in humans under certain cir-
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cumstances. Consequently, long-term treatment with HCA may only be
recommended with caution.
Green and black tea extracts
Green and black teas are popular drinks consumed all over the world.
Epidemiological studies suggest that green tea in particular has preventive
effects on chronic inﬂammatory diseases, cardiovascular diseases and cancer
(Sueoka et al. 2001). Green tea or green tea extracts contain large amounts
of polyphenolic components such as epicatechin, epicatechin gallate, epigallocatechin and epigallocatechin gallate (EGCG) (Dulloo et al. 1999).
EGCG is the most abundant of these substances, constituting more than
50% of the total amount of polyphenolic components in green tea, and is
believed to be the most pharmacologically active tea catechin (Dulloo et al.
1999). Dulloo et al. (1999) demonstrated in humans that treatment with
green tea extracts resulted in a signiﬁcant increase in 24-h energy
expenditure and a stimulation of fat oxidation. In rats, orally and i.p. administered EGCG reduced food intake and body weight (Kao et al. 2000).
Recently Wolfram et al. (2005) conﬁrmed that EGCG prevents body weight
gain in mice, although in their study EGCG had no effect on food intake.
Further, FAS and ACC 1 mRNA levels were decreased in adipose tissue of
EGCG-supplemented mice (Wolfram et al. 2005) suggesting that EGCG
might inhibit DNL (Fig. 1.1). Indeed Wang and Tian (2001) demonstrated
that EGCG is an inhibitor of FAS and that the inhibition is related to βketoacyl reductase activity of FAS. In vitro, EGCG inhibits FAS as effectively as C75 (Wang et al. 2003), but the inhibition kinetics of the two
substances differ considerably: the inhibition of FAS by EGCG is mainly a
reversible fast-binding inhibition, whereas C75 causes an irreversible, slowbinding inactivation (Wang and Tian 2001). In a recent study (Zhang et al.
2006), the ability of green tea extracts to inhibit FAS was even more potent
than that of EGCG, suggesting that other components of green tea can also
inhibit FAS. The same group also identiﬁed catechin gallate in green tea
extracts as a very potent inhibitor of FAS (Zhang et al. 2006). Finally, it is not
only green tea extracts that can inhibit FAS; keemun black tea extracts also
contain potent FAS inhibitors (Du et al. 2005), and these components are
possibly theaﬂavins. Unfortunately, only 10–23% of the inhibitory activity of
black tea is extracted by the general method of boiling with water (Du et al.
2005).
All in all, green and black tea extracts seem to have anti-obesity effects,
i.e. they decrease in body weight and adipose tissue mass, in particular by
increasing energy expenditure and by reducing DNL through inhibition
of FAS.
Polyunsaturated fatty acids
Polyunsaturated fatty acids (PUFAs), in particular those of the n-3 family,
seem to act as fuel partitioners in that they direct glucose away from
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glycolysis towards glycogen storage and shift fatty acids away from TAG
synthesis and storage in adipose tissue towards fatty acid oxidation (Clarke
2000, 2001). These effects appear to be mainly related to the fact that
PUFAs activate PPARs (Fig 1.1), induce genes encoding proteins involved
in fatty acid oxidation (Clarke 2000) and inhibit genes involved in DNL
such as FAS, presumably by suppressing the abundance of the sterol regulatory element-binding protein (Sekiya et al. 2003; Jump et al. 2005). Recently,
Dentin et al. (2005) demonstrated that some of the n-3 PUFAs suppressive
effects on glycolysis and lipogenesis are also mediated through the inhibition of carbohydrate responsive element-binding protein. Most of the n-3
PUFAs-induced changes in fatty acid metabolism have been shown for the
liver. As the liver plays a central role in whole-body lipid meta-bolism,
effects on whole-body lipid metabolism can be expected (Jump
et al. 2005).
Another feature of n-3 PUFAs is that they also increase brown adipose
tissue uncoupling protein 1 mRNA level in rats (Takahashi and Ide
2000) and induce a marked stimulation of brown fat thermogenesis (Oudart
et al. 1997). In both studies, n-3 PUFAs had no major effect on food intake,
but epididymal white fat mass was reduced, suggesting that n-3 PUFA
indeed increased energy expenditure (Oudart et al. 1997; Takahashi and Ide
2000). Whether PUFAs also increase thermogenesis in humans is
unknown.
n-3 PUFAs may be interesting as a nutrient supplement in the therapy
of obesity, but it has to be mentioned that n-3 PUFAs had adverse effects
on glycemic control in obese individuals (Mori et al. 2000; Woodman et al.
2002). The mechanism of this negative effect is unknown, but an increase
in hepatic gluconeogenesis caused by an increase in hepatic fatty acid
oxidation might contribute (Woodman et al. 2002). Nevertheless, in another
study with overweight patients, n-3 PUFAs (as ﬁsh oil) combined with a
weight-loss regimen were more effective at improving glucose–insulin
metabolism than either weight loss or ﬁsh oil supplementation alone (Mori
et al. 1999). Therefore, further studies should examine whether n-3 PUFAs
have adverse effects on insulin sensitivity in obese people under certain
circumstances.

1.5

Future trends

The process of DNL has gained more and more attention over the last few
years, and it seems that the enzymatic pathways involved are not only
interesting targets for obesity therapy (Abu-Elheiga et al. 2001, 2003;
Kuhajda et al. 2005) but also for the treatment of other diseases such as
cancer (Kuhajda et al. 2000). Modern transgenic animal technology allowing
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inducible gain-of-function and loss-of-function manipulations of a target
gene in a speciﬁc organ will help to better understand the role of DNL in
energy homeostasis. Organ-speciﬁc interference with enzymes of the DNL
pathway for the treatment of obesity is presumably necessary because DNL
seems to be important for normal embryonic development, especially of
the brain (Beigneux et al. 2004).
Currently, several different food ingredients are being screened that
inhibit DNL, or more precisely FAS, such as protein concentrates from
Amaranthus cruentus seeds (Escudero et al. 2006) and whey protein
(Morifuji et al. 2005). However, only animal studies are available so far,
and whether these substances are useful supplements for humans is not
clear yet. In general, it has to be considered that inhibition of FAS
entails an increase in cytosolic malonyl-CoA levels, causing inhibition
of CPT 1 and consequently of mitochondrial fatty acid oxidation.
Short-term inhibition of fatty acid oxidation improves hyperglycemia
(Deems et al. 1998), but long-term inhibition causes accumulation of
TAG in liver and muscle and reduces insulin sensitivity (Dobbins et al.
2001).
In summary, all substances discussed in this review have been shown to
suppress DNL, but their efﬁcacy to cause weight loss is less clear and also
the safety of long-term therapeutic use of some of these substances appears
questionable. Consequently, the use of these substances can only be recommended with caution. Further screening of food ingredients that interfere
with the enzymes of DNL might lead to the discovery of supplements that
have a high efﬁcacy and are safe.

1.6
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Hunger and satiety: relation to body
weight control
H. F. J. Hendriks, G. C. M. Bakker, W. J. Pasman, A. Staﬂeu and W. A. M.
Blom, TNO Quality of Life, Zeist, The Netherlands

2.1

Introduction

Currently more than 1 billion adults are overweight – and at least 300
million of them are clinically obese. Obesity levels range from below 5%
in China, Japan and certain African nations, to over 75% in urban
Samoa. But even in relatively low prevalence countries like China, rates are
almost 20% in some cities. Childhood obesity is already epidemic in
some areas and is on the rise in others. An estimated 22 million children
under ﬁve are estimated to be overweight worldwide. According to the US
Surgeon General, in the USA the number of overweight children has
doubled and the number of overweight adolescents has trebled since 1980.
The principal causes of the epidemic of overweight and obesity are sedentary lifestyles and high-fat, energy-dense diets, resulting in increased energy
intake and decreased energy expenditure. Body weight may be managed
by increasing physical activity to increase energy expenditure and by lowering food intake to decrease in energy intake. Energy intake is predominately determined by two processes: satiety and satiation. We start eating
when we get hungry (= absence of satiety) and stop when we feel full
(satiation).
Thus, there is an urgent need for food products that help to maintain
body weight at the present low level of physical activity. Substances that
speed up the process of satiation (feeling full) and/or induce longer-term
feelings of satiety (absence of hunger) may help to control weight. The
development of suitable biomarkers is very important for efﬁcacy and
safety studies of newly developed foods or ingredients aimed at long-term
weight management.
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Factors inﬂuencing satiety and satiation

Research on the regulation of food intake has been carried out for many
years, but the mechanism of the human regulation of food intake has not
been elucidated yet. Three main levels of food intake regulation may be
distinguished. These include the level of the gastrointestinal tract and the
level of the hypothalamus in the brain. These ﬁrst two levels will provide
input to the cortex resulting in behavior after further integration with cognitive processes (third level).
The gastrointestinal tract and nervous system, both central and enteric,
are involved in two-way extrinsic communication by parasympathetic and
sympathetic nerves, each comprising efferent ﬁbers and afferent sensory
ﬁbers required for gut–brain signaling. Afferent nerves are equipped with
numerous sensors at their terminals in the gut related to visceral mechano-,
chemo- and noci-receptors, whose excitations may trigger a variety of visceral reﬂexes regulating gastrointestinal functions and appetitive behavior.
Food intake depends upon various inﬂuences from the central nervous
system as well as from the body energy stores.
The complexity and the central level of integration of food intake regulatory signals are the reason for the lack of full understanding of food intake
regulation in humans. Animal research has unraveled part of this central
regulation which takes place mainly in the hypothalamus. However, the
regulation of food intake in humans may be different from animals but
investigating these central mechanisms is extremely difﬁcult in humans.
Apart from the complexity and limited technological possibilities, new hormonal factors involved in food intake regulation are still being identiﬁed
(e.g. ghrelin and obestatin). Lastly, humans do not eat solely in response to
a metabolic need for nutrients, but also in response to non-physiological
factors that are hard to control in a research setting.
2.2.1 Non-physiological factors inﬂuencing food intake
External non-physiological factors modulate physiologically derived hunger
and satiety signals. Non-physiological factors such as hedonic (palatability,
taste, texture, odour), social (culture, religion), psychological (preferences,
aversions, emotions, dieting behaviour), environmental (temperature, time
of day, other people), economic (cost, availability) and pharmacological
(anorectants) factors inﬂuence food intake. The extent to which different
individuals respond to these various factors may vary markedly. This may
explain some discrepancies among human food intake studies, and some
reports of high between-subject variability.
2.2.2 Physiological factors inﬂuencing food intake
The regulation of food intake is a complex interaction between numerous
signals acting both peripherally and centrally, each varying over time.

30

Novel food ingredients for weight control

Consuming a meal may be divided into three phases: a pre-prandial, a
prandial and a postprandial (pre-absorptive and post-absorptive) phase. In
addition, food intake is usually divided into two phases: satiation (meal
termination) and satiety (absence of satiety leads to meal initiation).
Roughly speaking, factors important during the prandial phase are involved
in satiation, and factors important during the postprandial phase are
involved in satiety. However, in practice this distinction is less clear.
Satiation (meal termination)
During the pre-prandial phase, visual, olfactory, gustatory and tactile inputs
stimulate processes at multiple sites (i.e. salivary glands, gastrointestinal
tract, pancreas, and cardiovascular and renal systems). These processes
result in a cascade of physiological processes, termed the ‘cephalic phase
response’, which occurs within seconds to minutes after exposure to foods.
The taste and smell of foods stimulate, for example, gastrin and gastric acid
release (Mattes, 1997). The cephalic phase responses improve or optimize
the efﬁciency of the digestion, absorption and utilization of nutrients
(Halford and Blundell, 2000).
During the prandial phase the central nervous system receives sensory
afferent inputs reﬂecting the amount of food eaten and initial estimations
of its nutrient content. Mechanoreceptors in the gut detect the distension
of the gut caused by the presence of food. This helps to estimate the volume
of food consumed. Fullness is directly correlated to gastric content, and
hunger and desire to eat are inversely correlated. Oral ingestion of a physiological amount of nutrients leads to the greatest suppression of appetite.
Orosensory stimulation (taste and smell perception) enhances the appetitesuppressing effects produced by gastric distension, probably partly caused
by slower gastric emptying (Cecil et al., 1998).
Chemoreceptors in the gastrointestinal tract detect the chemical presence of nutrients, and provide information on the composition of the foods
consumed. Factors such as cholecystokinine (CCK) and glucagon-like
peptide 1 (GLP-1) are released in response to the chemical presence of
food in the gastrointestinal tract. CCK is a hormone released in the duodenum in response to consumption of fat (i.e. long-chain fatty acids) or protein
(i.e. amino acids). GLP-1 is a hormone released in the blood by mucosal
cells of the gut in response to the presence of carbohydrates and fat
(MacIntosh et al., 2001). CCK and GLP-1 suppress appetite by decreasing
gastric emptying – by affecting the pyloric pressure, stomach motility and
stomach muscle relaxation. By decreasing stomach emptying, the stomach
distension increases, leading to sensations of fullness (Geliebter et al., 1988;
Rolls et al., 1998). GLP-1 stimulates the islet B-cells in the pancreas to
secrete insulin, thereby lowering blood glucose levels in response to carbohydrate consumption.
The effect of nutrients on satiety and satiation depends on the position
of the nutrients in the digestive tract. The presence of physiological amounts
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of nutrients in the intestine provides a weak stimulus for the regulation of
appetite. The same physiological amount of nutrients in the stomach leads
to an increased suppression of appetite.
Satiety (meal initiation)
Owing to its central role in the regulation of energy metabolism, the role
of glucose in meal initiation has been extensively investigated. Although
absolute concentrations of glucose do not seem to be very important in the
regulation of food intake (Chapman, 1998; Gielkens et al., 1998), transient
and dynamic declines in blood glucose concentration seem to be strongly
related to meal initiation (Campﬁeld and Smith, 1990; Kovacs et al., 2002).
In addition, intraduodenal glucose inﬂuences appetite, possibly through
glucoreceptors or osmoreceptors in the intestine, which may induce satiety
through direct vagal stimulation or via the release of insulin and/or incretin
hormones such as GLP-1 (Lavin et al., 1996). Unlike glucose, the role of
insulin in the regulation of food intake is not clear, since studies examining
exogenous insulin as well as studies investigating endogenous insulin give
mixed results (Campﬁeld et al., 1996; Chapman, 1998).
Ghrelin is abundantly synthesized in the fundus of the human stomach
(Ariyasu et al., 2001), and is suggested to be involved in meal initiation.
Plasma ghrelin concentrations rise before each meal and they decrease
between meals (Cummings et al., 2002). Moreover, an intravenous infusion
of ghrelin in humans has been shown to increase food intake potently and
enhance appetite by approximately 28% (Wren et al., 2001). In response to
oral and intravenous administration of glucose, plasma ghrelin concentrations decrease. Intake of an equivalent volume of water, however, does not
inﬂuence ghrelin concentrations (Shiiya et al., 2002), suggesting that secretion of ghrelin is not affected by stomach expansion. Moreover, ghrelin
responses are dependent on energy dose and on type and composition of
the macronutrients (Blom et al., 2005, 2006). Ghrelin concentrations appear
to be positively associated with appetite scores and inversely associated
with intermeal interval. Such associations suggest that suppression of ghrelin
concentrations may postpone initiation of the next meal. These are interesting results that need to be investigated further.
Peptide YY (PYY), which is also a gut hormone, is postprandially
released in response to medium- and long-chain fatty acids but not after
sucrose polyester ingestion (Maas et al., 1998). PYY suppresses 24-h food
intake in humans (Batterham et al., 2002) and is correlated with measures
of appetite (MacIntosh et al., 1999).
Long-term regulation of food intake
Long-term food intake regulation is essential in food-weight management.
The hormone leptin appears to be involved in long-term food intake regulation. Leptin is synthesized mainly by adipose tissue; it acts through receptors present in afferent visceral nerves and the hypothalamic arcuate
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nucleus, whose neurons are capable of expressing and releasing neuropeptide Y and agouti-related protein which activate ingestive behavior through
the paraventricular nucleus.
Plasma leptin concentrations correlate positively with total body fat
stores (Sinha et al., 1996). An energy deﬁcit of more than 24 h leads to
decreases of plasma leptin concentration (Boden et al., 1996), whereas an
energy surplus of more than 24 h results in increased leptin concentrations
(Kolaczynski et al., 1996). Plasma leptin is negatively correlated with appetite and food intake when the energy balance is severely disturbed (Keim
et al., 1998; Chin-Chance et al., 2000).
When subjects are in energy balance, the relation between leptin concentrations and food intake and appetite is less clear (Karhunen et al., 1997;
Joannic et al., 1998; Romon et al., 1999). Therefore, leptin seems to have a
role in the regulation of food intake when energy stores are depleted or
increased, rather than during energy balance.
The balance and interaction between anorexigenic (e.g. CCK, PYY) and
orexigenic (ghrelin) factors originating from the gastrointestinal tract
appear to play an important role in short-term regulation of food intake.
An impairment of this balance may result in disorders of feeding behavior
and weight gain (obesity) or weight loss (cachexia). Understanding this
balance is essential in developing foods that help people maintain a healthy
body weight.

2.3

The impact of different food components on satiety

In the past 20 years, numerous studies have been carried out to investigate
the impact of different food components on satiety. Research has been done
on three levels:
1

Effects of food components on subjective ratings of hunger and
satiety.
2 Effects of food components on energy intake.
3 Effects of food components on body weight and long-term energy
balance.
Much work has been done using a paradigm developed 20 years ago
(Kissileff et al., 1984) consisting of a preload or a test meal, after which
subjects are followed up for several hours. In this paradigm subjects ingest
preloads that differ in one particular property of food, whereas other properties are held constant, e.g. the fat content of a certain food is varied, while
an attempt is made to hold the other properties (e.g. weight, volume, taste)
constant. After the preloads, subjects record their feelings of hunger and
satiety, and/or get a test meal from which they can eat ad libitum. The degree
to which a particular property suppresses subsequent energy intake, and/or
ratings of hunger and satiety, is then a measure of the satiating efﬁciency.
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Many of the longer-term studies use a somewhat different approach to
investigate the impact of properties of food on satiety. In many of these
studies, subjects are offered diets that differ in one or more properties, from
which they eat ad libitum for a certain amount of time. For example, in one
study on the longer-term effects of the fat content of the diet on energy
intake and energy balance, one group of subjects was offered a diet with
foods of regular fat content, and another group of subjects was provided
with the same foods but with a reduced fat content (de Graaf et al., 1997).
The time span of these studies varies from a few days to a few years, with
many more short-term studies than longer-term studies. The effects of the
various food components on satiety are described below.
2.3.1 Macronutrient content
The results of a number of studies suggest that the order of satiating efﬁciency of macronutrients is protein > carbohydrate > fat > alcohol, although
this conclusion was not conﬁrmed in one study (Raben et al., 2003). The
weak effect of fat on satiety is well documented. In many studies that
covertly manipulated the fat content of foods, subjects did not respond to
higher fat levels in preloads with subsequent lower hunger ratings and/or
lower food and energy intakes. This is a consistent ﬁnding across studies
with various foods (e.g. foods with fat replacers, regular foods with high/low
fat levels) (de Graaf et al., 1996) and with different groups of subjects (Rolls
et al., 1994).
The low satiating efﬁciency of fat is conﬁrmed in short- and long-term
studies on the ad libitum energy intake and energy balance from diets
with various levels of fat. These studies show that ad libitum energy
intake is lower on low-fat diets than on high-fat diets (e.g. Lissner et al.,
1987). Astrup et al. (2002) summarized the data from 13 clinical trials
on low-fat diet and concluded that ‘The evidence strongly supports the
low-fat diet as the optimal choice for the prevention of weight gain and
obesity.’
The results of a number of studies suggest that, per calorie, protein is the
most satiating macronutrient (Raben et al., 2003). This hypothesis was conﬁrmed in a long-term trial (Haulrik et al., 2002) in which it was shown that
a high-protein diet led to a lower body weight. The results of some studies
suggest that carbohydrates are more satiating than fats (Rolls and Hammer,
1995). In general, high-carbohydrate/low-fat diets lead to a lower energy
intake than high-fat/low-carbohydrate diets. However, it is not clear whether
this effect is related to the lower energy density of carbohydrates compared
with fat. Complex carbohydrates may be more satiating than simple carbohydrates. Initial studies using complex carbohydrates, such as the exopolysaccharide Reuteran® in low quantities, did not show a clear effect on
subjective measures of hunger and satiety nor on hunger-related hormones
(Blom et al., 2005). In a small additional clinical study, several tens of grams
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Effect of Reuteran® on hunger (VAS score is the score on a visual analog
scale).

of Reuteran® appeared to postpone feelings of hunger (see Fig. 2.1) and
stimulate satiety, but also appeared to suppress blood glucose and insulin
levels.
The effect of alcohol on satiety is difﬁcult to investigate because
alcohol has strong behavioural effects. Results of studies of de Castro and
Orozco (1990) indicated that the energy intakes from meals with alcohol
are on average higher than the energy intakes from meals without
alcohol.
2.3.2 Fiber
Fiber contributes to post-ingestive satiety. This result is clear from many
studies (Holt et al., 1995; Delargy et al., 1997; Marlett et al., 2002). The
mechanisms through which ﬁber exerts these effects are, however, less clear.
These mechanisms may include slower gastric emptying, increasing bulk,
and/or increased transient time and nutrient exposure in the gut. The
ﬁber content of foods also contributes to a lower glycemic index, which
may facilitate the control of food intake (Jenkins et al., 2002; Rizkalla
et al., 2002).
2.3.3 Weight and energy density
The weight and energy density of foods play a crucial role with respect to
the impact of food components on satiety. From a large number of
short-term studies it is clear that humans primarily regulate their food
intake on the basis of the weight of foods, and not the energy content
(Poppitt and Prentice, 1996). For example, when subjects have ad libitum
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access to foods (e.g. yoghurts) with varying energy densities (e.g. by manipulating the fat content), these subjects will generally ingest equal weights of
the different foods. The energy intake is then positively related to the
energy density. The constant weight intake can be conceived of as a learned
response, based on the association between the sensory properties of foods
and their post-ingestive hunger and satiety consequences. For example,
after a number of exposures we learn that we need to eat a certain amount
of certain foods for breakfast (e.g. two sandwiches with cheese) in order to
stay satiated until lunch. This learning must be based on the association
between the sensory properties of bread and cheese, and the associated
post-ingestive consequences.
The idea that we gradually learn this association between sensory properties and post-ingestive consequences, explains why in many short-term
studies, subjects do not respond very sensitively to covert manipulations of
the energy content of foods (Stubbs et al., 2000). These learned associations
enable us to know how much to eat of various foods, e.g. for breakfast or
other meals. The regulation on the basis of weight may also explain the
weak satiating efﬁciency of fat that is found in many studies. Foods/diets
with a high fat content generally have a high energy density, and consequently a low satiating efﬁciency.
2.3.4 Physical state: solid versus liquid
Solid foods have a larger effect on satiety than liquid foods with an equivalent composition (Hulshof et al., 1993). Some studies found that sugar-containing drinks have little impact on satiety, implying that the energy content
of these drinks is simply added to the energy intake from other foods
(Tordoff and Alleva, 1990; Raben et al., 2002).

2.4

The need for biomarkers of satiety

At present, there are no validated biomarkers of satiety and satiation.
Information on satiation and satiety can only be assessed by means of subjective introspection, such as by measuring the intervals between spontaneous requests for meals (satiety) or by measuring the energy intake from the
meal (satiation). There is a need for more objective measures (biomarkers)
of satiety and satiation, for example for efﬁcacy testing of bioactive functional food (food with claimed health beneﬁts based or scientiﬁc evidence)
ingredients. Biomarkers will give more insight into the processes and mechanisms involved in satiety than subjective reports. Therefore biomarkers are
more suitable for claim support. Another advantage of objective measures
of satiety is that the number of subjects needed in an efﬁcacy study could
be diminished, because in general there is less variation in objective parameters compared with subjective reports.
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Developing new biomarkers

Biomarkers of satiety and satiation could be deﬁned as physiological
measures that relate to subjectively rated appetite and/or actual food intake.
Markers can be either indicators of appetite, or they can be proven to be
causal factors of appetite (Diplock et al., 1999). Biomarkers should be:
•

able to give relatively immediate outcomes to enable interventions on
a reasonable time scale;
• validated and of high quality;
• clearly linked to the phenomenon rather than accurately measured;
• sensitive and speciﬁc, and reproduced by many centers;
• measurable in easily accessible biological materials (like urine and
blood) according to ethical standards and minimally invasive;
• developed on the understanding that dynamic measurements are as
useful as, or more useful than, static ones.
2.5.1 Biomarkers in blood
Recently developed techniques and acquired knowledge on the regulation
of blood parameters known to be involved in signaling satiety and satiation
– such as cholecystokinin, glucose, insulin, leptin, GLP-1 and others – enable
the measurement of physiological correlates of satiation and satiety. In
addition to these ‘classic’ parameters, new techniques can be used to ﬁnd
biomarkers of satiety. Nuclear magnetic resonance (NMR) spectroscopy
combined with pattern recognition is a promising technique to identify
potential biomarkers in blood and urine. With NMR techniques, a broad
range of compounds with different physico-chemical properties can be
detected simultaneously. Sophisticated statistical software is needed to
explore patterns in NMR data. From these patterns it is possible to nominate potential biomarkers. Fractionation of the samples and subsequent
NMR liquid chromatographic and mass-spectrometric analysis on the fractions will elucidate the structure of the biomarkers. In addition, proteomics,
metabolomics and transcriptomics are promising techniques that can be
used for identifying biomarkers of satiety (Werf et al., 2001). Transcriptomics
and proteomics can be employed to determine changes in gene expression
and proteome relevant to the state of hunger or satiety. One such example
has recently been published: consuming a breakfast relatively high in protein
resulted in higher concentrations of ghrelin, glucagon, gastric inhibitory
peptide (GIP), CCK and GLP-1 compared with consuming a breakfast
relatively high in carbohydrates (Blom et al., 2005). These conditions also
differentially affected lymphocyte gene expression. Consumption of the
high-carbohydrate breakfast resulted in expression of glycogen metabolism
genes, whereas consumption of the high-protein breakfast resulted in
expression of genes involved in protein biosynthesis (Van Erk et al.,
2006).
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2.5.2 Central biomarkers
There is limited knowledge of how the brain contributes to the regulation
of food intake in humans. After eating, the human brain senses a biochemical change and then signals satiation, but precisely when this occurs is
unknown. With respect to central nervous system biomarkers of satiety and
satiation, there have been a number of recent studies in the literature using
imaging techniques. The two most important techniques used to study appetite are positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) (Berns, 1999). These studies have identiﬁed various
regions in the brain that can distinguish between fasted state and that after
food ingestion (for example, Liu et al., 2000; Smeets et al., 2005a, 2005b).
Some studies suggest that the responses of the brain to a meal differ between
obese and lean individuals (Matsuda et al., 1999; Gautier et al., 2000). The
rapid development of brain imaging techniques during the past decade,
however, provides non-invasive methods enabling the investigation of brain
function in response to various stimuli. The applicability of these techniques
is limited, because speciﬁc and expensive technology is required and only
speciﬁc brain areas may be investigated.

2.6

Future trends

Many components of foods have an effect on satiety and satiation, as they
have an effect on energy metabolism and on hormones related to hunger and
satiety. For example, protein-rich and solid foods have a higher satiating effect,
whereas high-fat and liquid foods have a low satiating efﬁciency. This knowledge can be used to develop new foods with a higher satiating efﬁciency.
Another issue is the identiﬁcation of new components/substances that
have an effect on satiety and satiation. New developments in molecular
biology, pharmacology and nutrigenomics enhance our insight in the
complex pathways involved in energy balance. From these insights new
substances will become available that will affect mechanisms involved in
hunger and satiety, like Hoodia gordonii and Rimonabant®. New substances
with a plausible mechanism should ﬁrst be tested in animal studies with
respect to toxicological aspects, and their potential to inﬂuence short- and
long-term energy balance. This may be followed by short-term safety and
efﬁcacy tests in humans. Eventually, the substances may be used in morelong-term trials with humans. Relevant biomarkers of satiety need to be
identiﬁed. Speciﬁc focus is needed for the identiﬁcation of those short-term
biomarkers that will predict long-term body weight changes.
Several reviews (Egger et al., 1999; Allison et al., 2001; Zemel, 2005) have
been published on the effect of supplements on weight loss, such as chromium, conjugated linoleic acid (CLA), hydroxycitric acid (HCA), chitosan
and Ma Huang (ephedra). In general there is no convincing evidence for
the efﬁcacy of the substances reviewed.
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Apart from inﬂuencing feelings of hunger and satiety, two other potential
mechanisms are involved in products aimed at weight loss or weight
maintenance:
1

2

Reduction of energy intake. Examples are substances purported to
block the absorption of fat; fat replacers, like Olestra (sucrose
polyester); low-calorie products, such as light products and meal
replacers.
Increasing energy expenditure. Examples are substances with an effect
on fat burning, changes in basal metabolism and thermogenesis increase
energy expenditure, like caffeine and ephedra.

For the design of new products that inﬂuence feelings of hunger and
satiety it is necessary to identify food components with a satiating effect.
Products could either speed up satiation (so that one stops eating sooner)
or induce long-term satiety (so that one is not feeling hungry for a prolonged period after eating the product). These could be products or substances with an effect on noradrenalin and serotonin, such as St John’s Wort
and capsaicin, or products or substances that inﬂuence stomach ﬁlling, such
as ﬁber, resistant starch or pectin. Products may need to be combined with
interventions on other lifestyle factors such as physical activity to obtain
optimal weight management.
To evaluate whether new or existing weight management products are
effective in inﬂuencing satiety and satiation, biomarkers of both satiety and
satiation should be used in controlled human intervention studies. Upon
intervention, the marker should change in a statistically signiﬁcant as well
as physiological relevant way.
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Glycaemic control, insulin resistance
and obesity
I. Aeberli and M. Zimmermann, ETH Zürich, Switzerland

3.1

Introduction

Of all dietary factors, high fat intake in a population has been suggested to
be the main contributor to the increasing prevalence of obesity (Astrup &
Raben, 1992; Golay & Bobbioni, 1997). However, studies of the US population over the last few decades have reported that, despite the steady increase
in the prevalence of overweight and obesity, fat intake has actually fallen
from 42 to 34% of total energy, whereas carbohydrate intake has increased
(Allred, 1995; Nicklas, 1995). Brand-Miller et al. (2002) suggested that
current dietary recommendations to increase the percentage of daily energy
as carbohydrate may be counterproductive to weight control, as many highcarbohydrate, low-fat diets markedly increase postprandial hyperglycaemia
and hyperinsulinaemia. Not only the amount, but also the form of the recommended dietary carbohydrate must be considered, as both the quantity
and quality of a carbohydrate can inﬂuence postprandial glycaemia (BrandMiller et al., 2002).
Dietary carbohydrates are digested and absorbed at different rates and
to different extents in the gastrointestinal tract, depending on their botanical source and the physical form of the food (Cummings et al., 1997). Diets
that contain large amounts of easily digested carbohydrate, which rapidly
increase blood glucose and stimulate a large insulin response, may be detrimental to health (Englyst et al., 1999). Several studies have found an
association between this type of diet and obesity and type 2 diabetes mellitus (Salmeron et al., 1997a, b; Ludwig et al., 1999). Foods containing easily
digested carbohydrates that produce a rapid rise in blood glucose are
termed ‘high glycaemic index (GI) foods’. The GI will be discussed in detail
later in this chapter.
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Low-GI foods are generally associated with greater satiety compared
with high-GI foods (Haber et al., 1977; Holt et al., 1992; Holt & Miller, 1994;
Liljeberg et al., 1999; Ludwig et al., 1999). The characteristic postprandial
effects of high-GI foods – including rapid carbohydrate absorption, large
ﬂuctuations in blood glucose and insulin levels, together with reduced
satiety – may contribute to overweight in the long run (Haber et al.,
1977).

3.2

The glycaemic index of foods and its effect on insulin
response and glycaemia

The glycaemic response to a food, which in turn affects the insulin response,
depends on the rate of gastric emptying, as well as on the rate of digestion
and absorption of carbohydrates from the small intestine (Jenkins et al.,
1987). Traditionally, carbohydrates were classiﬁed as ‘simple’ and ‘complex’
based on their degree of polymerization. Sugars (which are mono- and
disaccharides) were therefore classiﬁed as simple, whereas starches (polysaccharides) were classiﬁed as complex. However, carbohydrates might be
better classiﬁed on the basis of their physiological effects, for example their
ability to increase blood glucose. The glycaemic response depends both on
the type of sugar (e.g. glucose, fructose, galactose) and the physical form of
the carbohydrate (e.g. particle size, degree of polymerization) (Augustin
et al., 2002).
In 1981, Jenkins et al. (1981) proposed the concept of the GI to characterize the rate of carbohydrate absorbed after a meal. The GI was meant
to supplement information about chemical composition given in food tables,
to help understand and better predict the physiological effects of whole
diets. Unexpected differences between the GI values of different foods
highlighted the importance of food characteristics not provided in food
composition tables. These include food form, particle size, the nature of the
starch, food processing and interfering factors, all which may have large
effects on the physiological properties of foods.
The GI is deﬁned as the area under the glucose response curve after
consumption of 50 g available carbohydrate from a test food divided by the
area under the curve after consumption of 50 g available carbohydrate from
a control food. The control food can be either white bread or glucose
(Wolever et al., 1991). Foods with a high GI produce, per gram of available
carbohydrate, a higher peak in postprandial blood glucose and a greater
overall blood glucose response during the ﬁrst 2 h after consumption than
the peak for foods with a low GI (Foster-Powell et al., 2002). A higher blood
glucose response increases insulin demand and insulin secretion by the
pancreas. Repeated episodes of hyperinsulinemia may, over the long term,
lead to downregulation of insulin receptors and insulin resistance (Virkamaki
et al., 1999). This may in turn increase postprandial blood glucose concentra-
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tions and insulin secretion (Fig. 3.1). Insulin resistance is a central characteristic of type 2 diabetes mellitus (Reaven, 1993). Low-GI diets tend to
delay glucose absorption and reduce peak insulin concentrations and overall
insulin demand. Several studies have found improvements in glycaemic
control with low-GI diets in healthy subjects as well as those with coronary
heart disease or diabetes (Burke et al., 1982; Jenkins et al., 1987, 1988; Brand
et al., 1991; Frost et al., 1996). In addition, low-GI foods are generally associated with greater satiety compared with high-GI foods, delaying hunger and
potentially reducing food intake. Examples of the GI values of different
foods are given in Table 3.1.

High glycaemic index foods

Glucose ↑

Insulin ↑
Insulin receptor
downregulation

Fig. 3.1 Potential mechanism for the relationship between high GI foods and
insulin resistance [adapted from Jenkins et al. (2000)].

Table 3.1 Examples of the GI and GL1 of some foods (Foster-Powell et al., 2002)
Product
Glucose
Cornﬂakes
White bread
Mars bar
Porridge
Coca Cola
Rice, long grain
Mango
Whole-grain bread
Spaghetti white (cooked)
Peach
Apple juice
Apple
Yogurt
1

glycaemic load

GI (glucose = 100)

Carbohydrate
(g/100 g)

GL (g/100 g)

100
81
70
65
58
58
56
51
51
44
42
40
38
36

100
86
47
66
9
10
27
14
43
27
10
10
13
6

100
70
33
43
5
6
15
7
22
12
4
4
5
2
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The effect of food processing on the glycaemic index

Available carbohydrates are those absorbed via the small intestine and used
in the metabolism (Livesey, 2005). Indigestible carbohydrates, on the other
hand, are considered to be dietary ﬁbre, which include non-starch polysaccharides (mostly of plant and algal origin), resistant starches (RS), oligosaccharides and sugar alcohols (polyols) (Champ et al., 2003). Older methods
for measuring dietary ﬁbre did not measure these indigestible carbohydrates completely, leading to an underestimation of the true content of
unavailable carbohydrates in foods, and this may have led to inaccuracies
in published GI values for foods (Foster-Powell et al., 2002). However, the
majority of commercial foods included in the international GI tables contain
low levels of these sources of indigestible carbohydrates.
In addition to these problems with analysis, the amount of RS in foods
can be inﬂuenced by several factors, including processing and preparation
methods. Starch can be indigestible due to its botanical structure, or become
resistant during processing by retrogradation (the formation of indigestible
crystalline structures). The degree of ripening of fruits and vegetables is
another variable. For example, a green banana has a very high content of RS,
but only negligible amounts remain after ripening (Brouns et al., 2005).
Today, most of the variables that contribute to differences in GI between
foods have been identiﬁed, and can be used to optimize the GI of commercial food products (see Table 3.2). Some of these factors are related to
the choice of raw material and others to the processing conditions. In
general, the structure of the food is important. The gross structure can be
inﬂuenced by grinding or heat treatment; the more homogenized the food,
the higher the GI. Cell wall integrity and/or cellular structure changes
during the ripening process, and the GI increases with increased ripeness.
With respect to starchy foods, a high degree of crystallinity within the starch
substrate will favour a lowered rate of amylolysis, and hence a lower GI. A
highly ordered starch structure can be obtained by preserving the starch
crystallinity present in native granules, i.e. avoiding gelatinization. In most
ready-to-eat food items, the starch crystallinity is generally lost as the commonly applied food processing conditions result in more or less complete
gelatinization. A tool to increase the crystallinity of processed foods is to
promote retrogradation of gelatinized starch. In this respect, the genotype
of the raw material can inﬂuence the glycaemic response. In starches, the
retrogradation of the amylose component but not the amylopectin component can be readily obtained under commonly used conditions of food
processing. This makes starches containing high amounts of amylose particularly interesting in this regard.
An enzymatic barrier may be induced by a highly organized food form
such as that found in pasta at the molecular level or at the tissue level in
leguminous and kernel-based products. The presence of viscous dietary
ﬁbre may also reduce the glycaemic response to a carbohydrate meal; the
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Table 3.2 Variables affecting the GI of foods and meals (Arvidsson-Lenner
et al., 2004)
Food variable
Structure
Gross structure
Cellular structure (cell
wall integritiy)
Starch
Granular structure
(intact or gelatinized)
Amylose (unbranched)
Amylopectin (branched)
Other factors
Gel-forming types of
dietary ﬁbre
Organic acids
Amylase inhibitor
Fructose: glucose ratio

Examples of inﬂuencing
factors
Grinding, heat treatment
Ripeness

Heat treatment
Genotype of raw material
Genotype of raw material

Genotype of raw material,
added ﬁbres
Fermentation, added acids
Heat treatment
Genotype of raw material,
type of added sugar

Effect

Higher GI when
homogenized
Higher GI with
increased ripeness
Higher GI when
gelatinized
Lower GI compared
with amylopectin
Higher GI compared
with amylose
Lowers GI
Lowers GI
Lowers GI
Lower GI with increased
ratio

mechanism is likely to be due more to reduced gastrointestinal motility than
to a reduced rate of starch digestion. Certain organic acids, such as those
produced upon sourdough fermentation, may reduce glycaemia either by
reducing gastric emptying rate or by reducing the rate of starch digestion.
This effect of organic acids has renewed interest in the nutritional beneﬁts
of food fermentation. A reduction of the GI for starchy food products
appears to be accompanied by a higher content of resistant starch. Food
factors that reduce the rate of starch digestion, such as retrogradation of
the amylose component or encapsulation within botanical structures, may
render a starch fraction resistant to amylase.
For foods high in simple sugars, GI is strongly inﬂuenced by the fructose : glucose ratio; the higher the ratio of fructose : glucose, the lower the
GI. The GI of sugary foods can therefore be modiﬁed by the choice of raw
material or through the type of added sugar. The addition of fructose
(GI = 19) will lower the GI of a food, whereas addition of glucose (GI = 100)
will elevate it (Björck et al., 2000; Arvidsson-Lenner et al., 2004). Fat, by
slowing gastric emptying, and protein, by increasing insulin secretion, may
both modify the glycaemic response to a carbohydrate food. However, it
appears that fat and protein in the amounts found in most foods (with the
exception of peanuts and most nuts) do not signiﬁcantly alter the glycaemic
response to the carbohydrate (Wolever et al., 1994).
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The glycaemic load

The GI of foods is determined using a food portion containing 50 g available
carbohydrate. Although they have the same GI, a portion of two different
foods with varying carbohydrate contents per 100 g may have a different
impact on glycaemic response (Table 3.1). Therefore the concept of glycaemic load (GL) was introduced to help understand the relationship between
the glycaemic response to foods and health outcomes in epidemiological
studies (Salmeron et al., 1997a,b). GL is formally the product of the available carbohydrate content and the GI of a food. It is a measure of the
quantity and quality of the carbohydrate in the food item and has units of
weight (g). Foods with the same GL will theoretically produce the same
glycaemic response even if their GI is different (Livesey, 2003).
Which foods should be considered high GI and which should be considered low GI? Professor J. Brand-Miller and her team from the University
of Sydney have proposed the following cut-off levels, where the reference
food is glucose, with a GI of 100 (www.glycemicindex.com):
• Low GI = 55 or less.
• Medium GI = 56 to 69.
• High GI = 70 or more.
In order to calculate the glycaemic effect of the whole diet, the GL is used.
The GL of the diet of one day can be calculated by adding together the individual GLs of all meals consumed over the day. A typical diet of one day will
have a GL of about 100. A diet with a daily GL of less than 80 would be
considered as low GI and one with a GL of above 120 as high GI.

3.5

Association of glycaemic response with satiety
and food intake

Satiety signals are physiological responses that follow food consumption
and they are believed to terminate eating and/or maintain inhibition of
further intake. Many different meal factors – including volume, weight,
energy content, macronutrient composition and energy density – may lead
to different satiety signals. Cholecystokinin (CCK) is a hormone secreted
into the bloodstream by cells in the proximal small intestine after ingestion
of food. CCK has been identiﬁed as an important satiety signal inﬂuenced
by the quality of food. It regulates gut motor activity, gallbladder contraction and pancreatic enzyme secretion. It also inhibits gastric emptying
thereby enhancing digestion and absorption of nutrients (Bray & James,
1998). Holt et al. (1992) studied the effect of meals with different GI but
the same macronutrient composition on glycaemic, insulin and CKK
response, as well as on satiety. They found that glycaemic and insulin
responses to carbohydrate foods are inversely proportional to the CCK
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response and satiety. High-GI foods, which lead to a high glycaemic and
insulin response but a low CCK response, may thereby result in reduced
satiety. These data suggest that low-GI foods may enhance satiety in two
ways. First, many low-GI foods are rich in dietary ﬁbre and have lower
energy density and higher food volume. This may increase satiety and
reduce food intake during meals. Second, the low-GI foods increase CCK
response, and thereby may increase satiety over a longer period of time.
The rate of hydrolysis of ingested carbohydrate and the rate of gastric
emptying are determinants of the rate of glucose absorption, which, in turn,
determines the extent and duration of the glucose rise after consumption
of a food or meal. Circulating insulin levels are directly determined by β-cell
stimulation by absorbed glucose or amino acids. As explained above, the
insulin demand is determined not only by the amount of carbohydrate
ingested but also by its quality, which will determine the rate of absorption.
The GI of foods or meals provides an indication of the rate at which their
carbohydrates are digested. Low-GI foods may be considered potential
dietary tools to reduce glucose absorption rate and insulin response
(Augustin et al., 2002). Slowly digested carbohydrates, which are low GI,
may be used to prolong satiety compared with high-GI foods. Studies that
have investigated this relationship are summarized in Table 3.3. In one
study, the effect of different rice types on satiety and subsequent food intake
was measured. Quick-cooking rice and low-amylose rice have a higher GI
than ordinary rice and high-amylose rice, respectively. These two low-GI
rices induced higher satiety compared with the high-GI ones, and resulted
in lower food intake in the 2-hour period after the test meal (Holt & Miller,
1995). Holt and Miller (1994) investigated the blood glucose response and
satiety after four test meals of equivalent nutritional composition based on
four different grades of wheat. The test meal that caused the highest blood
glucose response, ﬁne ﬂour meal, produced the lowest satiety. In contrast,
the cracked grain meals caused the lowest blood glucose response and the
highest satiety. Warren et al. (2003) examined the effect of three different
breakfasts on ad libitum lunch intake and satiety in children. The different
breakfast were low GI, low GI with 10% added sucrose, and high GI. Lunch
intake after the high-GI breakfast was signiﬁcantly higher compared with
that after both the low-GI and the low-GI with 10% added sucrose breakfasts. Overall, nearly all of these studies have demonstrated decreased
hunger or increased satiety after the ingestion of isoenergetic, low-GI meals
compared with high-GI meals (Augustin et al., 2002).
One characteristic response to high-GI foods, termed ‘the hypoglycaemic
undershot’, may induce hunger. High-GI foods trigger high insulin and low
blood glucagon concentrations. This postprandial proﬁle normally stimulates glucose uptake and inhibits lipolysis. If this response is exaggerated or
prolonged, blood glucose concentration may fall below normal (hypoglycaemic undershot). This may then trigger glucagon release and hunger
signals. Low-GI foods on the other hand maintain glucose and insulin at a
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Table 3.3 Studies comparing glycaemic response with changes in hunger, satiety
or energy intake [adapted from Ludwig (2000)]
Reference

Modiﬁed dietary factor

Effect of low-GI food

Haber et al. (1977)

Increased satiety

Krotkiewski (1984)
Spitzer and Rodin (1987)

Apple, whole or
processed
Guar gum
Fructose or glucose

Rodin et al. (1988)

Fructose or glucose

Leathwood and Pollet (1988)
Rodin (1991)

Bean or potato
Fructose or glucose

Holt et al. (1992)
van Amelsvoort and
Weststrate (1992)
Holt and Miller (1994)
Benini et al. (1995)
Gustafsson et al. (1995a)
Gustafsson et al. (1995b)
Holt and Miller (1995)

Breakfast cereal
Amylose or
amylopectin
Different grades of
wheat
Fibre added to meal
Vegetable type
Raw or cooked carrots
Rice type

Lavin and Read (1995)
Holt et al. (1996)
Rigaud et al. (1998)

Guar gum
38 individual foods
Psyllium ﬁbre

Ludwig et al. (1999)

Oatmeal type

Ball et al. (2003)

Breakfast meal
replacement
Breakfast type

Warren et al. (2003)

Decreases hunger
Lower voluntary energy
intake
Lower voluntary energy
intake
Decreased hunger
Lower voluntary energy
intake
Increased satiety
Increased satiety
Increased satiety
Decreased hunger
Increased satiety
Increased satiety
Lower voluntary energy
intake
Decreased hunger
No change in satiety
Lower voluntary energy
intake
Lower voluntary energy
intake
Prolonged satiety
Lower voluntary energy
intake

moderate level and therefore are less likely to produce reactive hypoglycaemia (Augustin et al., 2002).

3.6

Carbohydrate type, glycaemic response and
weight control

It has been debated whether excess dietary carbohydrate can increase
adipose stores. Although test animals are able to convert signiﬁcant amounts
of ingested carbohydrate into body fat, in humans, de novo lipogenesis from
carbohydrate appears to be limited (Strawford et al., 2004). Despite this,
excess dietary carbohydrate may indirectly increase body fat stores. Dietary
carbohydrate, in the form of starch or sucrose, increases blood insulin levels,
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which in turn increase activity of the enzyme lipoprotein lipase. Lipoprotein
lipase mediates storage of dietary fat in adipose cells. At the same time,
insulin decreases the activity of hormone-sensitive triglyceride lipase, an
enzyme that regulates the release of fatty acids from stored fat. Thus, excess
dietary carbohydrate increases the amount of dietary fat that is stored, and
decrease fat turnover (Allred, 1995).
Short- and long-term studies in humans and animals indicate that highGI diets affect appetite and nutrient partitioning to promote fat storage.
However, human studies showing reduced bodyweight after consumption
of low-GI diets need to be interpreted with caution. The outcome can rarely
be attributed solely to the GI, because interventions designed to modify the
GI of a diet usually also modify other variables that inﬂuence bodyweight
(e.g. ﬁbre content, palatability, energy density). Pawlak et al. (2004) assigned
rats and mice either to a low- or a high-GI diet. The carbohydrate portion
of the low-GI diet consisted of 60% amylose : 40% amylopectin starch,
whereas the carbohydrate in the high-GI diet was 100% amylopectin starch.
Other than this, the two diets were similar in nutrient and energy content.
In both mice and rats, animals consuming the high-GI diet had more body
fat and less lean body mass than those on the low-GI diet. The rats on the
high-GI diet required less food to gain the same amount of weight than the
low-GI group. The high-GI group also showed a greater increase over time
in the area-under-the-curve of blood glucose and insulin after an oral
glucose load. The authors suggested hyperinsulinaemia resulting from the
high-GI diet altered nutrient partitioning in favour of fat deposition, shifting metabolic fuels from oxidation in muscle to storage in fat. Overall, the
ﬁndings indicate the consumption of a high-GI diet per se adversely affects
body composition in rodents (Pawlak et al., 2004).
Ludwig et al. (1999) examined the effect of isoenergetic low-, mediumand high-GI breakfast and lunch meals on ad libitum food intake
during the 5 hours after lunch. Compared with the low- and medium-GI
groups, ratings of hunger were higher in the high-GI group during the
postprandial period. In addition, voluntary energy intake after the high-GI
lunch was 53% and 81% higher than after the medium-GI and the low-GI
lunches, respectively. In addition, compared with the other two meals, the
high-GI meal induced hormonal changes, including higher serum insulin
and lower plasma glucagon levels. The combination of hyperinsulinaemia
and hypoglucagonaemia tends to promote glucose uptake in muscle and
liver, restrain hepatic glucose production and suppress lipolysis (Ludwig
et al., 1999).
In order to analyze the effect of low-GI or low-GL diets on weight loss,
two different kinds of studies need to be distinguished: studies of isoenergetic low- versus high-GI diets, and ad libitum low- versus high-GI diets.
Livesey (2005) reviewed 14 isoenergetic diets and 7 ad libitum studies and
found that only in ad libitum studies could an effect of GI or GL on bodyweight be determined. A 12-week pilot study in children, which reduced the
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GI of the diet by giving brief instructions and a handout about dietary
changes to the parents, resulted in a reduction of body mass index (BMI)
Z-scores of the children (Young et al., 2004). A 5-week study in healthy men
allocated to a high- or a low-GI diet reported both groups experienced an
increase in lean body mass but no changes in BMI after the low-GI period
(Bouche et al., 2002). A more marked effect was reported in a study of men
with abdominal obesity given an ad libitum low glycaemic load or low-fat
diet for 6 days; there was a reduction in energy intake, bodyweight, and
waist and hip circumference with the low glycemic load diet, but not with
the low-fat diet (Dumesnil et al., 2001). Although these ﬁndings suggest a
potential advantage of low-GI or low-GL diets, the deﬁnitive long-term
study, where ad libitum intake is permitted but diets are similar in all aspects
except the GI, has not yet been done.

3.7

Future trends

More research is needed on the potential beneﬁts of a low-GI diet for
weight control. The ideal design would be a long-term study where ad
libitum food intake and ﬂuctuations in bodyweight are permitted, and where
the diets are similar in all aspects except GI.
Although it appears there may a beneﬁcial effect of low-GI diets for
weight control (Ludwig, 2000; Brouns et al., 2005), for consumers it is difﬁcult to make the right choices. Information is often hidden in international
tables containing only a limited number of products. Moreover, as explained
earlier in this chapter, it is not always easy to measure the GI of a product
accurately. To facilitate consumer choice, the food industry could provide
information on the GI of their products, preferably directly on the package.
An example of this approach is the GI Symbol Program in Australia (www.
gisymbol.com). In this food labelling programme, producers can obtain
certiﬁcates stating the GI for their products, provided the food has been
properly tested for GI with a standard method. All products that contain a
minimum amount of 10 g carbohydrates per serving and meet a set of nutritional criteria – including, for example, sodium, fat and ﬁbre content – can
be certiﬁed. So far this programme is only operating in Australia, but other
countries may follow.
Many processed foods on the market have a high GI. For cereal products,
in particular, the food industry has several different choices for processing,
and thus may be able to produce lower-GI options. As mentioned in Section
3.3, the starch structure is important for the GI, and the less the structure
of the grain is changed, the lower the GI. Therefore, ‘whole-grain’ products
should be preferred to ‘wholemeal’ products (where the whole grain is
included, but usually ﬁnely milled). Another important decision for the food
industry is the choice of raw material. If cereals containing a higher amount
of gel-forming dietary ﬁbre, or a higher fructose: glucose ratio were used
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more frequently, the choice of low-GI foods for the consumer could be
expanded.
Overall, the food industry could put greater effort into producing truly
low-GI foods rather than foods that only appear to be low GI. Some
examples of foods that might appear to be low GI but are not are several
types of wholemeal, bran-ﬂake breakfast cereals (GI = 74) and certain
cereal bars (GI = 78). A labelling system such as the one in Australia would
give additional impetus to producers, as they would be able to market their
products as low GI with the support of a recognizable and trustworthy
label.
Compared with glucose (GI = 100) or sucrose (GI = 68), the GI of fructose is very low (GI = 19). Therefore, it might be expected that to exchange
fructose for glucose or sucrose, and thereby reduce the GI of a food product,
might be beneﬁcial in relation to weight control. However, this may not be
true. Ingested disaccharides such as sucrose, maltose or lactose, are cleaved
by disaccharidases as soon as they enter the small intestine. Released
glucose then leads to an insulin response and enters the cells via an
insulin-dependent mechanism (Glut-4). Once inside the cells, glucose is
phosphorylated to glucose-6-phosphate, from which the intracellular metabolism of glucose begins. In contrast, fructose increases blood insulin levels
only slightly and enters the cells via the Glut-5 transporter, which is not
insulin dependent. This transporter, however, is absent from the brain,
and therefore fructose may not send satiety signals to the brain as glucose
does. Furthermore, the secretion of leptin, which is important in inhibiting
food intake, is mediated by insulin. As fructose only increases insulin
levels slightly, leptin levels may not rise much after fructose consumption.
This could lead to decreased satiety and increased food intake (Mayes,
1993).
Another issue that argues against the use of large quantities of fructose
in an effort to lower GI, is its effect on de novo lipogenesis. While only a
small percentage (1–3%) of glucose carbon enters de novo lipogenesis and
is incorporated into triglycerides in normal individuals, a proportionally
much greater amount of carbon from fructose is metabolized to triglyceride.
Thus, the positive effect of a lower GI with fructose-containing foods might
be unfavourably balanced by the negative effects of lower satiety and a
potential increase in de novo lipogenesis (Bray et al., 2004; Havel, 2005).

3.8

Sources of further information and advice

The group of Professor J. Brand-Miller at the University of Sydney has done
extensive research in the area of GI and GL and has tested a wide variety
of foods. They have assembled a comprehensive list of tested foods, ﬁrst
published in 1995 as the ‘International tables of glycemic index’ (FosterPowell & Miller, 1995). In 2002 a revised table was published, including all
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the data published between 1981 and 2001, as well as unpublished data from
their laboratory and from others where the quality of the data could be
veriﬁed on the basis of the method used. In its 2002 edition, the table contained nearly 1300 entries, representing over 750 different types of foods
(Foster-Powell et al., 2002). This database is continuously updated and is
available online on the following site: http://www.glycemicindex.com. On
this site, products can be located with the aid of a speciﬁc search engine.
Furthermore, additional information on GI and GL can be found in several
books written by Professor J. Brand-Miller on this subject.
Additional information about glycaemic carbohydrates and their effect
on bodyweight regulation are provided in a recent review by Saris (2003).
The different effects of fat and carbohydrates on the thermogenic response
and fat deposition are also discussed in this review.
Several reviews on the association between GI and chronic disease have
been published by Jenkins and colleagues (e.g. Jenkins et al., 2002). They
conclude that, despite inconsistencies in the data, overall ﬁndings suggest
that dietary GI is of potential importance in the treatment and prevention
of chronic diseases. On the other hand, a recent comprehensive review by
Raben (2002) examined 31 short-term and 20 longer-term published human
intervention studies comparing the effects of high- and low-GI diets on
appetite, food intake, energy expenditure and bodyweight. The author suggested that the data were not conclusive that low-GI foods are superior to
high-GI foods in regard to long-term control of bodyweight.
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Controlling lipogenesis and
thermogenesis and the use of ergogenic
aids for weight control
A. Palou and M. L. Bonet, University of the Balearic Islands, Spain

4.1

Introduction

Body weight management implies tuning of energy intake to energy requirement, while avoiding accumulating energy storage as fat. Key targets for
body weight management strategies are hunger and satiety, intestinal nutrient absorption, thermogenesis, fat oxidation, lipogenesis and body composition.1,2 These targets represent highly controlled and interconnected
biochemical processes that are inﬂuenced by the interplay between genetic
makeup and environmental factors, including the amount and composition
of the diet and physical activity.
Achieving a negative energy balance is the essential component and a
sine qua non of weight loss, but conventional strategies simply based on
caloric restriction and increased physical activity are difﬁcult to follow and
have been ineffective in preventing the obesity epidemic. At the same time,
it is becoming increasingly clear that speciﬁc nutrients and other food components inﬂuence one or more of the above-mentioned targets in such a
way that they may facilitate negative energy balance or a preferential partitioning of energy towards lean body mass. This knowledge constitutes the
basis for the development of nutritional strategies for weight management
based on the selection of traditional foods (e.g. intake of speciﬁc foods or
of speciﬁc macronutrient balances), novel foods (i.e. designed foods that
incorporate one or more functional ingredients) or nutraceuticals (puriﬁed
functional food components or food extracts presented in capsular or nonfood format). In this chapter, we will focus on fat oxidation/thermogenesis,
lipogenesis and body composition as potential targets of nutritional aids for
weight management. Some of these aids are also marketed as ergogenic
aids, purported to enhance exercise performance.
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Overview of nutrition and thermogenesis

Total body energy expenditure represents the conversion of oxygen and
food (or stored forms of energy) to carbon dioxide, water, biological work
and heat, the production of which is inherent to net biochemical reactions
in energy metabolism. Energy expenditure at rest can be measured directly
as heat produced, hence the term thermogenesis, or indirectly as the amount
of oxygen consumed.
Total energy expenditure can be broken down into three components:
(a) obligatory energy expenditure required for normal functioning of cells
and organs (represented by the basal metabolic rate, which is deﬁned as the
amount of energy expended when an adult organism is awake but resting,
not actively digesting food and at thermoneutrality); (b) physical activity;
(c) adaptive thermogenesis, which is physiologically regulated and is usually
deﬁned operationally as heat production in response to environmental
factors including temperature and diet. Adaptive thermogenesis has
received a lot of attention in the context of weight-control management
strategies because it comprises a set of unconscious mechanisms that lead
to the regulated dissipation of part of the energy of foods as heat, thus
reducing energy efﬁciency and opposing weight gain.

4.2.1 Sites and mechanisms of adaptive thermogenesis
In rodents, a major site of adaptive thermogenesis is brown adipose tissue
(BAT). The main mechanism behind BAT thermogenesis relies on the
activity of uncoupling protein 1 (UCP1), a mitochondrial inner membrane
protein that is uniquely and abundantly expressed in brown adipocytes,
which are mitochondria-rich cells (reviewed in references 3–5). When active,
UCP1 leaks protons across the mitochondrial inner membrane, allowing
dissipation of the proton electrochemical gradient generated by the respiratory chain during fuel oxidation. In this way, the energy that had been stored
in the proton gradient is released as heat instead of protons being channeled through the ATP synthase and the energy used in ATP synthesis
(Fig. 4.1). Together with the expression of UCP1, a low expression of ATP
synthase and a high expression of fatty acid oxidation enzymes and
respiratory chain components make brown adipocytes well equipped for
inefﬁcient substrate (mainly fat) oxidation. Even in BAT, however, UCP1independent thermogenic mechanisms are likely to exist, because whereas
transgenic mice with toxigene-mediated reduction of BAT are cold
sensitive and obese,6 UCP1-deﬁcient (knockout) mice are sensitive to cold
exposure but are not obese or especially prone to diet-induced obesity.7
In humans, as in rodents, energy expenditure increases in response to cold
exposure and after feeding. The latter phenomenon, which accounts for
approximately 10% of total daily energy expenditure, is referred to as the
thermic effect of food and comprises two conceptually different
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Fig. 4.1 Functioning of the UCP1 in BAT mitochondria. UCP1 dissipates the
proton gradient generated by the respiratory chain during nutrient oxidation,
leading to the release of energy as heat; Pi, inorganic phosphate (Modiﬁed from
reference 3).

components: the obligatory cost of nutrient utilization (digestion, absorption, processing and storage) and an adaptive component linked to oropharyngeal stimulation that typically constitutes 30–40% of the thermic effect of
food and is under the control of the sympathetic nervous system (SNS) (see
reference 8). The sites and mechanisms of adaptive thermogenesis in humans
are unclear. Unlike rodents, adult humans do not have large, well-deﬁned
BAT depots, but both rodents and humans have varying numbers of brown
adipocytes dispersed within white adipose tissue (WAT) depots, which can
be recruited under appropriate stimulation (see reference 9). Skeletal
muscle, which represents up to 40% of total body weight and is endowed
with signiﬁcant mitochondrial capacity, may be an important contributor to
adaptive thermogenesis; in fact, it has been shown that a signiﬁcant portion
of the variation in metabolic rate between humans can be accounted for by
differences in skeletal muscle energy expenditure at rest.10 Other tissues,
such as liver and WAT, may also contribute to adaptive thermogenesis.
Apart from UCP1 activity, other mechanisms of adaptive thermogenesis are poorly understood. One possibility is the activity of mitochondrial
uncoupling proteins other than UCP1. In fact, UCP1 homologues with a
wider tissue distribution, such as UCP2 and UCP3, have been identiﬁed
both in rodents and humans (reviewed in references 11–13). UCP2 is
expressed in most tissues at varying levels and UCP3 is expressed predominantly in skeletal muscle and BAT. Several studies have shown that these
UCP1 homologues have proton transport activity, and a strong linkage
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between markers in the vicinity of human UCP2 and UCP3 genes (which
are adjacent genes in both the human and rat genome) and resting metabolic rate was reported. However, the expression of UCP2 and UCP3
increases with starvation,11,13,14 a state associated with decreased energy
expenditure, and neither UCP2-15 nor UCP3-16,17 deﬁcient (knockout) mice
are obese or especially sensitive to developing diet-induced obesity. Thus,
a primary function of the UCP homologues in regulating whole-body energy
expenditure seems unlikely.
Adaptive thermogenesis in mammalian tissues may also depend on
mechanisms connected to increased utilization of ATP, rather than to
uncoupling. Enhanced operation of the so-called ‘futile cycles’, which imply
ATP consumption not linked to the performance of net biological work,
may be one of such mechanisms. Examples of potentially important futile
cycles include the synthesis and degradation of proteins, the pumping and
leakage of ions across membranes, and the esteriﬁcation and lipolysis of
fatty acid/triacylgycerol.18 Increased non-exercise activity thermogenesis
(associated with ﬁdgeting, maintenance of posture and other physical activities of daily life) may be another mechanism of adaptive thermogenesis,
also based on increased ATP utilization. There are physiological studies in
humans suggesting that non-exercise activity thermogenesis is modulated
with changes in energy balance, so that it increases with overfeeding and
decreases with underfeeding, although the mechanisms behind this regulation are unknown.19
Thermogenesis and substrate oxidation are tightly linked processes.
Substrate oxidation drives thermogenesis and thermogenesis favors further
substrate oxidation to meet cellular ATP demands. Remarkably in this
context, there is increasing evidence that the uncoupling activity of the
UCPs may serve primarily to assist oxidative metabolism, and particularly
fat oxidation, by facilitating fatty acid handling by mitochondria20–23 and
reducing reactive oxygen species (ROS) production in mitochondria.15,16
Facilitation of oxidative metabolism at the expense of a small loss of energy
could have been the main ancestral role of the UCPs. The molecular basis
for a role of the UCPs in mitochondrial fatty acid handling is the capacity of
UCPs to uncouple respiration acting as fatty acid cyclers, rather than as
proton transporters;24 their role in reducing ROS is related to the fact that
the higher the coupling of respiration, the higher the ROS production in
the mitochondria.25 The connection of the UCPs with both thermogenesis
and oxidative metabolism makes these proteins an interesting target for upregulation in the context of weight-management strategies.
4.2.2

The contribution of reduced thermogenesis and fat oxidation to
obesity and its metabolic complications
In rodents, there is compelling evidence that obesity may develop as a
result of a deﬁcit in energy expenditure and more speciﬁcally in adaptive
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thermogenesis. A feature of most animal models of obesity, whether geneticor lesion-induced, is a decreased energy expenditure and an abnormally low
BAT thermogenic response to cold or feeding;26 in these models, even when
food intake is restricted to that of wild-type or control animals (a maneuver
termed pair feeding) marked obesity still develops.
The contribution of reduced energy expenditure to human obesity is less
clear. The concept was supported by early epidemiological studies showing
that obese subjects maintained their obese state with self-reported energy
intakes that were on average less than those of lean subjects, but has been
challenged by more recent studies – using the doubly labeled water method,
which allows capturing of total energy expenditure for long periods of time
with the individual under free-living conditions – indicating that obese
subjects have a greater average energy expenditure than do lean and
normal-weight subjects (reviewed in reference 27). The increase of total
energy expenditure with increasing weight or body mass index is dramatic,
and is probably a consequence of a parallel increase of fat-free mass, which
is the single best determinant of resting energy expenditure.28
Nevertheless, there is evidence that a reduced rate of energy expenditure
is a risk factor for both body weight gain and resistance to weight loss in
humans. In a now classic study conducted in Pima Indians, it was found that
low 24 h energy expenditure, normalized for lean body mass, predicted
future weight gain during follow-up.29 In another study, activation of nonexercise activity thermogenesis proved to be the principal mediator of
resistance to fat gain during overfeeding, so that individuals that failed to
activate this component of energy expenditure were those that gained more
weight.30 There are also studies suggesting that speciﬁcally a deﬁcit in the
thermic response to food, as a consequence of a reduced sympathetic
response to feeding, may contribute to human obesity, although this is a
highly controversial issue (reviewed in references 31 and 32).
A low capacity to oxidize fat may also contribute to obesity, particularly
when dietary fat is in large supply. In fact, human epidemiological studies
point to a reduced rate of fat oxidation as a risk marker for body weight
gain, independent of low energy expenditure.33,34 Moreover, formerly obese
individuals of normal weight have been shown to have a lower rate of fat
oxidation compared with control, never-obese subjects.35,36
Besides and beyond contributing to increased fat mass (obesity),
decreased fat oxidation and thermogenesis may result in an excess of available fatty acids to muscle, liver, pancreatic β cells and other non-adipose
cells. Lipid accumulation can lead to functional impairments in these cells
(lipotoxicity), and has been related to the development of insulin resistance,
type 2 diabetes and other pathologies linked to obesity and the metabolic
syndrome (reviewed in references 37 and 38). Because the activity of the
UCPs may facilitate fat oxidation in the organism (see Section 4.2.1), it may
help avoiding lipid accumulation in non-adipose cells and derived lipotoxicity. For instance, intramyocellular fat accumulation is highly correlated with
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insulin resistance and may be prevented through the activity of muscle
UCP3, which is normally up-regulated under conditions of high fatty acid
supply to muscles.39 Also in this context, it has been suggested that brown
fat function may be important for the modulation of systemic insulin sensitivity, because a reduced expression of genes involved in brown adipogenesis was found in subcutaneous WAT of non-obese, insulin-resistant human
subjects compared with non-obese, insulin-sensitive subjects.40,41
4.2.3 Central and nutritional control of adaptive thermogenesis
Adaptive thermogenesis is under central control. Exposure to cold and diet
is detected by the brain, resulting in the activation of efferent pathways
controlling energy dissipation. The SNS, which heavily innervates thermogenic targets such as BAT and skeletal muscle, appears to be the main
effector of this response (reviewed in references 4 and 42). The sympathoadrenergic control of BAT thermogenesis is well understood (Fig. 4.2). In
BAT, the noradrenaline released by the activated SNS endings interacts
with β-adrenoceptors on the brown adipocyte cell membrane promoting
lipolysis of the stored triacylglycerols and mitochondrial oxidation of the
released fatty acids to fuel thermogenesis, UCP1 synthesis and activity, and
tissue recruitment (reviewed in references 5 and 43).
The brain also affects energy expenditure by means of the hypothalamic–pituitary–thyroid axis. The mechanism by which thyroid hormone
stimulates thermogenesis is not established, but it seems to be due to multiple effects on various aspects of energy metabolism such as substrate
cycling, ion cycling and mitochondrial proton leaks.44 Thyroid hormone
levels seem not to be modulated during cold exposure or consumption of
high-calorie diets, but they do drop during starvation, and this may contribute to starvation-induced decreases in thermogenesis (see reference 4).
Signals involved in the long-term regulation of energy balance that
convey information to the brain about the size of body fat stores (the socalled ‘adiposity signals’), besides affecting food intake, modulate energy
expenditure through effects on the activity of the SNS and the pituitary–
thyroid axis, and also through direct effects on the oxidative and thermogenic capacity/activity of peripheral tissues. This is the case for leptin, the
paradigm of the adiposity signal, which suppresses appetite, and enhances
energy expenditure and fat oxidation in peripheral tissues (reviewed in
reference 45). In human obesity, leptin deﬁciency is rare, but leptin resistance is common.
Although feeding in general stimulates thermogenesis, not all macronutrients are equally effective in triggering this response. The thermic effect
of protein is 20–35% of energy consumed, and this number falls to 5–15%
for carbohydrates; the thermic effect associated with fat is generally even
lower than that associated with carbohydrate (see reference 46). The differences are attributed mainly to the ﬁxed component of the thermic effect
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Fig. 4.2 Adrenergic control of BAT thermogenesis. Noradrenaline (NA) released
by the activated SNS acts on β-adrenoceptors, primarily the β3, which are coupled
to adenylyl cyclase (AC) through stimulatory G proteins, and thus stimulates the
generation of cAMP, which in turn activates protein kinase A (PKA). PKA catalyzes
the phosphorylation of cAMP regulatory element binding protein (CREB), which
leads to increased ucp1 gene expression. PKA also catalyzes the phosphorylation
of hormone sensitive lipase (HSL) and perilipin (the protein that covers the intracellular lipid droplets) triggering activation of the former and dissociation of the
latter from the lipid droplets, thus activating lipolysis of triacylglycerol (TG) stores.
Released fatty acids (FA) are channeled to the mitochondria where they enter the
β-oxidation pathway and then the citric acid cycle, leading to the formation of
reduced electron carriers (FADH2 and NADH) which are then oxidized by the
respiratory chain. UCP1 dissipates the proton gradient generated by the respiratory
chain, leading to a release of energy as heat (thermogenesis). CM, chylomicrons;
VLDL, very low density lipoproteins; LPL, lipoprotein lipase.

of food, that representing the obligatory cost of nutrient utilization (digestion, absorption, processing and storage): because the body has no storage
capacity for protein, protein needs to be metabolically processed immediately, with a high ATP cost associated with protein synthesis and peptide
bond formation, urea production and gluconeogenesis from amino acids.
In addition, evidence is accumulating as to the effects of particular food
components on the thermogenic system, thus supporting our hypothesis for
developing thermogenic foods (i.e. foods enriched in thermogenic active
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ingredients) to combat obesity (see references 47 and 48). On the one hand,
there are a number of food components (e.g. caffeine, catechin polyphenols,
ephedrine) known to stimulate the activity of the sympathoadrenergic
system or the release of noradrenaline from the adrenals (e.g. capsaicin).
On the other hand, certain nutrients/foods – such as vitamin A, carotenoids,
olive oil, medium-chain triacylglycerols, polyunsaturated fatty acids
(PUFAs) and dietary protein – have been shown to have the potential to
stimulate the expression of the UCPs in tissues. For instance, rats adapted
to medium and high protein exposure have increased expression levels of
UCP2 in liver and UCP1 in BAT, this correlating with a higher energy
expenditure and oxygen consumption in the dark period and a lower feed
energy efﬁciency.49 Replacement of habitual foods with others that may
enhance energy expenditure may be a practical way to maintain a stable
body weight or to help achieve weight loss. The effects of speciﬁc foods and
food components on the thermogenic system are discussed in more detail
in Section 4.5.

4.3

Overview of nutrition and lipogenesis

Lipogenesis encompasses the processes of fatty acid synthesis and subsequent triacylglycerol synthesis, mainly from excess carbohydrate in the diet.
The main sites of lipogenesis are liver and adipose tissue. A detailed overview of lipogenesis and other processes of lipid metabolism is presented in
Chapter 1 and here only some speciﬁc aspects will be addressed.
In humans, the main site of de novo synthesis of fatty acids is the liver.
Fatty acid synthesis requires NADPH, acetyl coenzyme A (CoA) and
ATP, all of which are obtained by the liver in the postprandrial state (i.e.
after meals), mainly from glucose metabolism (through the pentose
phosphate pathway, glycolysis plus the pyruvate dehydrogenase reaction,
and complete oxidation, respectively) (Fig. 4.3). Newly synthesized
fatty acids (as acyl-CoA) are esteriﬁed to glycerol-3-phosphate, forming
triacylglycerols that, to a large extent, abandon the liver as part of liver-born
lipoproteins (mainly very low density lipoproteins, VLDL). These fatty
acids eventually would reach adipocytes for storage. Therefore, enhanced
lipogenesis over fatty acid oxidation in the liver may favor WAT
enlargement.
In human WAT, de novo synthesis of fatty acids is quantitatively less
important than in the liver. Rather, in the postprandial state, adipocytes
synthesize triacylglycerol from fatty acids – derived from the action of
lipoprotein lipase (LPL) on the lipoprotein (chylomicron, VLDL)containing triacylglycerols – and glucose, which enters the adipocyte through
insulin-regulated glucose transporter GLUT4 and whose intracellular
metabolism produces the glycerol-3-phosphate needed for triacylglycerol
synthesis (Fig. 4.3). Triacylglycerols are stored in the adipocytes,
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Fig. 4.3 Overview of lipogenesis in hepatocytes and adipocytes. See Section 4.3 for
details. PEPCK, phosphoenolpyruvate carboxykinase; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; GLUT4, glucose-transporter 4.

contributing to adipocyte hypertrophy, and are mobilized in situations of
energy deﬁcit, such as fasting.
The traditional view is that low activity of the enzyme glycerol kinase in
adipocytes ensures that triacylglycerol formation in these cells is dependent
on an optimal supply of glucose, avoiding re-esteriﬁcation under conditions
in which fatty acids are to be exported, such as fasting. However, cycles of
triacylglycerol hydrolysis and re-esteriﬁcation do occur within the adipocytes, even during fasting, because glycerol-3-phosphate can be produced
from precursors (other than glucose or glycerol) through glyceroneogenesis, which is an abbreviated version of gluconeogenesis that occurs both in
liver and adipose tissue.50,51 Disregulation of glyceroneogenesis in WAT can
contribute to obesity (reviewed in reference 52). Overactivity, due to WATspeciﬁc overexpression of the rate-limiting enzyme of the pathway (phosphoenolpyruvate carboxykinase, PEPCK), results in obesity without insulin
resistance in transgenic mice.52,53
4.3.1 Hormonal and nutritional control of lipogenesis
Carbohydrate-rich diets stimulate lipogenesis in the liver by providing the
energy and carbons required for it, because insulin secreted after carbohydrate-rich meals triggers the activation of key enzymes in the glycolytic
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and lipogenic pathways, and because both glucose (independent of insulin)
and insulin favor an increment in the concentration of glycolytic and lipogenic enzymes, and hence of liver lipogenic capacity, through the up-regulation of the expression levels and activity of key transcription factors
controlling the transcription of the genes encoding these enzymes.
Transcription factors are proteins that, in their active form, modulate the
transcription of target genes by binding to speciﬁc nucleotide sequences
contained in the corresponding gene promoter; from there, they facilitate
or impair the consti-tution of the RNA pol II transcriptional initiation
complex and hence transcription. Two key transcription factors promoting
the expression of glycolytic and lipogenic genes in the liver are sterol regulatory element binding protein 1 (SREBP-1) and carbohydrate response
element binding protein (ChREBP) (reviewed in references 54 and 55)
(Fig. 4.4). ChREBP is activated as a transcription factor by dephosphorylation of speciﬁc serine residues when glucose is abundant in the hepatocyte
(a secondary metabolite of glucose, xylulose-5-phosphate, is believed to
alosterically activate the protein phosphatase catalyzing ChREBP dephosphorylation). SREBP-1 is both induced at the transcriptional level and
activated (through controlled proteolysis of an inactive precursor) in
response to insulin.

Insulin

+

–

Glucagon (cAMP)
PUFA

SREBP-1

ChREBP
Glucose
+
Glucagon (cAMP)
Fatty acids

+

–

–
ChRE

SRE

Lipogenic gene

Fig. 4.4 Transcriptional control of lipogenic genes in hepatocytes. Most lipogenic
enzyme genes contain in their gene promoter response elements (ChRE, SRE) for
the binding of ChREBP and SREBP-1. These two factors work synergistically to
induce transcription of the lipogenic enzyme genes in the presence of glucose and
insulin. Insulin induces the expression of SREBP-1 and favors its activation as a
transcription factor for lipogenic genes; glucose favors ChREBP activation.
Glucagon, through its intracellular mediator cAMP, inhibits ChREBP activity and
suppresses SREBP-1 expression. Excess free fatty acids inhibit ChREBP activity,
and PUFAs speciﬁcally repress the expression and activity of SREBP-1. In this
manner, the output of lipogenic enzyme production is integrated to multiple hormonal and nutritional signals. Solid lines indicate effects on transcription of the gene
encoding the transcription factor; dotted lines indicate effects on transcription factor
activity (adapted from reference 56).
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Glucose and insulin also favor lipogenesis in WAT. Glucose serves as
precursor for glycerol-3-phosphate in adipocytes and it may have an insulinindependent effect stimulating LPL activity in WAT.57 Insulin enhances
LPL activity in WAT, promotes GLUT4 translocation to the adipocyte cell
membrane and induces the expression of two key lipogenic transcription
factors in adipocytes, the above-mentioned SREBP-1 and peroxisome proliferator-activated receptor gamma (PPARγ) (reviewed in refernce 58).
PPARγ is an important stimulator of lipogenesis in differentiated WAT and
also plays a pivotal role in adipocyte differentiation.59
On the other hand, dietary fats, and particularly PUFAs, decrease lipogenesis and lipogenic capacity in the liver (Fig. 4.4) and probably also in
WAT. This is discussed in more detail in Section 4.5.

4.4

Nutrition and development of lean body mass and
body fat mass

Because lean body mass is the main single determinant of resting energy
expenditure, methods to possibly increase lean body mass at the expense of fat body mass are of great relevance in the context of weightmanagement strategies. Preservation of lean body mass during weight loss
helps further weight loss, and a preferential regain of lean body mass over
fat mass helps body weight maintenance after weight loss. Body composition is very much dependent on the balance between lipogenesis and fat
oxidation/thermogenesis (see Sections 4.2 and 4.3). Other important determinants are nutrient partitioning between fat and muscle, adipocyte hyperplasia and the balance between protein synthesis and breakdown in muscle.
These processes, like lipogenesis and thermogenesis, are inﬂuenced by the
nutritional status and the composition of the diet.
4.4.1 Nutrient partitioning between fat and muscle
Adipose tissue hypertrophy is enhanced when fatty acids and glucose are
preferentially channeled to adipose tissue rather than to other tissues, and
particularly to muscle, where their main metabolic fate is oxidation. Two
important players in nutrient partitioning between fat and muscle are
LPL and GLUT4, both of which are highly expressed in the two tissues.
Disregulation or imbalances of these two activities in muscle and adipose
tissue may contribute to obesity, or may even cause it. Muscle LPL activity
is inversely correlated with percentage body fat and body mass index in
humans,60,61 and moderate overexpression of LPL selectively in skeletal
muscle prevents the development of diet-induced obesity in transgenic
mice.62 In mice, transgenic overexpression of GLUT4 in adipose tissue
results in an obese phenotype,63,64 whereas lack of GLUT4 in adipose tissue
(through tissue-speciﬁc knockout) results in reduced adiposity.65
LPL activity in adipose tissue changes during the day according to the
nutritional state: it decreases during short-term fasting, by means of a post-
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translational mechanism,66 and recovers upon refeeding. Failure to decrease
adipose tissue LPL activity in the post-absorptive state may contribute to
increased fat deposition in obesity,66 as suggested by the ﬁnding of a higher
LPL activity in adipose tissue during fasting in obese subjects compared
with lean controls.67 LPL activity in adipose tissue is affected not only by
the nutritional state, but also by speciﬁc nutrients: it is stimulated by glucose,
by post-transcriptional mechanisms,57 and inhibited by fatty acids and highfat diets, which however induce the transcription of the LPL gene in adipocytes.68,69 GLUT4 expression is also subject to dietary modulation: it
increases with high-fat diets more in adipose tissue than in muscle, whereas
in the unfed state it is markedly down-regulated in adipose tissue and upregulated in muscle (reviewed in reference 70).
4.4.2 Adipocyte hyperplasia
Besides adipocyte hypertrophy, another process that favors WAT enlargement is adipocyte hyperplasia, i.e. the increment of adipocyte number.
Adipocytes are formed through proliferation of committed precursor
cells (pre-adipocytes) residing in fat depots and subsequent differentiation of the progeny into cells capable of regulating fat accumulation and
release. This differentiation process, called adipogenesis, implies the concerted induction and activation of a series of adipogenic transcription
factors, among which PPARγ plays a key role in terminal differentiation.59
In mice, the knockout of cyclin-dependent kinase inhibitors (p21 and p27),
normally required for pre-adipocyte exit from the cell cycle, results in
marked adipocyte hyperplasia and massive spontaneous obesity.71
Both in humans and rodents, adipose tissue retains the capacity to generate new adipocytes at all ages, but basic adipocyte number is established
by adolescence. Adipocyte hyperplasia is characteristic of some forms of
extreme adult human obesity and is particularly relevant in childhood
obesity, which typically involves both hyperplasia and hypertrophy of adipocytes. The frequent persistence of childhood obesity into adulthood
suggests that the increased adipocyte number in these individuals may
predispose them to lasting obesity or even be causative for obesity.
Proliferation of pre-adipocytes and adipogenesis are inﬂuenced by
nutrients. Long-chain fatty acids, both saturated and unsaturated, promote
adipogenesis (probably through activation of PPARs, which are lipidactivated transcription factors), providing a molecular link between excess
lipid intake, enhanced ﬂux of fatty acids entering adipose tissue and
increased fat mass.72 Linoleic acid and arachidonic acid (both n-6 PUFAs)
appear to have additional pro-adipogenic effects (see Section 4.5.1). Another
nutrient known to affect the differentiation of pre-adipose cells in culture
is vitamin A; retinoic acid, its acidic form, promotes adipogenesis at low
doses, but dramatically inhibits adipogenesis at relatively high doses, mainly
through blockage of the transcriptional activity of an early adipogenic
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transcription factor, CCAAT/enhancer binding protein (C/EBP)β, mediated by retinoic acid-activated retinoid receptors (reviewed in reference
73). Local glucose levels may also be of importance: it has been suggested
that excess glucose in adipocytes may favor adipocyte hyperplasia through
a glucose metabolite-induced down-regulation of a late adipogenic transcription factor, C/EBPα, that is critical for the loss of the proliferative
capacity during terminal differentiation;74 consistent with this idea, hyperplasic obesity was reported in transgenic mice overexpressing GLUT4 in
adipose tissue.63
4.4.3 Muscle protein synthesis and breakdown
The balance between protein synthesis and breakdown in muscle is inﬂuenced by energy balance and exercise. A negative energy balance favors
the loss of both fat body mass and lean body mass. Resistance training
favors a net increase of lean body mass provided that the individual is at
energy balance, so that diet is supporting the exercise she/he is performing.
In fact, it has been pointed out that nutritional interventions in athletes
may have their biggest impact on performance by supporting consistent
intensive training and thus promoting the physiological and biochemical
adaptations that will, in turn, lead to muscle hypertrophy and improved
performance.75
There is some evidence that a high protein intake may favor a preferential loss of fat versus lean body mass during weight loss, by favoring muscle
protein deposition, among other mechanisms (see Section 4.5.2). Likewise,
there is some evidence that protein intake shortly after resistance training
may facilitate exercise-induced muscle hypertrophy,76 although, overall,
there is little evidence to support the premise that extra protein intake is
essential for maximal performance in the athletes.77
The amino acid leucine has speciﬁcally been implicated in the promotion
of net muscle protein anabolism, through effects on protein synthesis and/or
protein breakdown (see references 78 and 79). In rats, it is well established
that leucine promotes protein synthesis in muscle, mainly via activation of
mTOR (mammalian target of rapamycin) kinases, which leads to the activation and increased expression of key translational factors and other proteins
involved in protein synthesis (reviewed in reference 80). In humans,
it appears that the main effect of leucine is on muscle protein breakdown,
reducing breakdown without increasing muscle protein synthesis (reviewed
in reference 79). The mechanism behind leucine-induced reduction of
protein breakdown is not known, but it is noteworthy that synthetic leucine
aldehyde peptides – such as N-acetyl-leucyl-leucyl-norleucinal (LLN) and
CBZ-leucyl-leucyl-leucinal (MG132) – are commonly used inhibitors of an
important component of the cell machinery for protein breakdown, the
proteosome.
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Using food and food components to control lipogenesis
and thermogenesis

In this section, foods and food components that have the potential to assist
weight loss/maintenance due to effects on lipogenesis, thermogenesis and/
or body composition are presented.
4.5.1 Dietary fats
Dietary fat is related to the etiology of obesity because of its high energy
density, high hedonic value, delayed satiating capacity thus promoting
passive overconsumption, low associated thermic effect and efﬁcient storage
capacity. This has fueled the market for low-fat and fat-free foods for weight
management. However, there is evidence that not all fats are equally bad.81
Some speciﬁc fats and fat types, when consumed in replacement of other,
less convenient, fats, may help prevent body weight gain, or may even
enhance body weight loss in the context of more rigorous weight-loss plans.
These fats are presented below.
Polyunsaturated fatty acids
For many years it has been known that PUFAs have a certain capacity of
lowering adiposity and plasma triacylglycerol levels, mainly due to their
effects of inhibiting lipogenic capacity and activating fatty acid catabolism
in the liver (reviewed in references 82–84; see also Chapter 13).
In the liver, PUFAs repress the expression of the key lipogenic transcription factor SREBP-1 (by binding to and blocking the activity of a transcription factor, liver X receptor, needed for efﬁcient SREBP-1 gene transcription)
and inhibit the proteolytic process leading to SREBP-1 activation (reviewed
in references 82–84) (Fig. 4.4). PUFAs also inhibit, by a post-transcriptional
mechanism, the hepatic expression of glucose-6-phosphate-dehydrogenase,
a key enzyme in the pentose phosphate pathway,85 thus compromising
NADPH availability for de novo fatty acid synthesis. On the other hand,
PUFAs and PUFA-derivatives enhance fatty acid oxidation and fatty acid
oxidation capacity in the liver. This enhancement is achieved through: (1)
suppression of the expression of the lipogenic enzyme acetyl-CoA carboxylase (ACC) and subsequent reduction of the hepatic levels of its product,
malonyl-CoA (which is both a substrate in fatty acid syntheis and a powerful inhibitor of fatty acyl-CoA uptake by mitochondria, the rate-limiting
step in mitochondrial fatty acid oxidation); and (2) through activation of
PPARα, a lipid-activated transcription factor abundantly expressed in
hepatocytes that up-regulates the expression of a collection of genes for
proteins involved in mitochondrial, peroxisomal and microsomal fatty acid
catabolism (reviewed in reference 83).
PUFAs also have potential anti-adiposity effects targeting tissues other
than the liver, such as WAT and muscle. Dietary n-3 PUFAs were shown to
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depress lipogenesis and down-regulate the expression levels of a collection
of lipogenic genes, to up-regulate mitochondrial biogenesis and to induce
beta-oxidation of fatty acids in visceral WAT depots of rodents.86,87 PUFA
may also enhance fatty acid oxidation in muscle,88 although the effect appears
to be less marked than in the liver (reviewed in reference 83). PUFAinduced increases in fatty acid oxidation may be linked to increased thermogenesis, since PUFAs were shown to up-regulate the expression of uncoupling
proteins, including UCP1 in BAT,89 UCP3 in skeletal muscle88 and UCP2 in
liver and WAT.90,91 Both the UCP1 gene and the UCP3 gene contain a PPAR
response element in their promoter, which may explain their sensitivity to
PUFAs (PPARs are activated as transcription factors after binding certain
fatty acids or fatty acid derivatives) (see reference 73).
Biological activities of n-3 and n-6 PUFAs
PUFAs active in the regulation of gene expression and lipid metabolism
are highly unsaturated fatty acids of 20 and 22 carbons of both the n-3 and
the n-6 series, such as arachidonic acid (20 : 4, n-6), docosahexaenoic acid
(DHA, 22 : 6, n-3) and eicosapentaenoic acid (EPA, 20 : 5, n-3). These fatty
acids can be produced endogenously from linoleic acid (18 : 2, n-6), which
is the precursor of arachidonic acid, and linolenic acid (18 : 3, n-3), which is
the precursor of EPA and DHA, through the action of delta-5 and delta-6
desaturases. Linolenic acid is present predominantly in ﬂaxseed, soybean
and canola oils, and in English walnuts. Linoleic acid is found in most vegetable oils (such as corn oil and sunﬂower oil) and most nuts. However, only
small amounts of linoleic and linolenic acids undergo delta-desaturation in
the body. Therefore, foods rich in fatty acids that are the products of deltadesaturases, that bypass the regulated and required steps of further desaturation and elongation, are much more effective suppressors of hepatic
lipogenesis and inducers of fatty acid oxidation than are foods rich in linoleic acid or linolenic acid, the substrates of delta-desaturases.3 This is the
case of ﬁsh oils, which are rich in long-chain highly polyunsaturated fatty
acids of the n-3 series (DHA and EPA).
In other aspects, PUFAs of the n-3 and the n-6 series appear to have
different biological activities. For instance, n-6 PUFAs have a greater hypocholesterolemic effect than n-3 PUFAs,92 while n-3 PUFAs, due to the particular eicosanoids to which they give rise, appear to have beneﬁcial effects
on vascular endothelial function that are not displayed by the n-6 PUFAs,
from which a different set of eicosanoids is produced (reviewed in reference
93). Together with their marked hypotriglycerydemic effect, this may explain
the reduced risk of cardiovascular disease associated with ﬁsh and ﬁsh oil
consumption that has been repeatedly observed in human epidemiologic
studies and clinical intervention trials (reviewed in references 92 and 94).
PUFAs of the n-6 and n-3 series also differ in their effects on adipogenesis. Linoleic acid and arachidonic acid (both n-6 PUFAs) may be particularly pro-adipogenic, because they serve as precursors in pre-adipocytes of
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prostacyclins which, in a paracrine/autocrine fashion, through activation of
a speciﬁc cell surface receptor, trigger early adipogenic events in these cells
(reviewed in reference 95). Interestingly, n-3 PUFAs inhibit the above
process, and in this sense can be considered as anti-adipogenic.95 It has been
suggested that a high dietary n-6 PUFA/n-3 PUFA ratio during early life
and infancy may favor increased adipocyte numbers and future obesity, and
it is remarkable that this ratio has continuously and markedly increased in
human breast milk over recent decades.95
Studies in rodents have consistently reported that intake of n-3 PUFAs
reduces adipose mass, preferentially visceral fat, in general without affecting
body weight (see references in reference 87). Some studies in humans also
reported an effect of dietary ﬁsh oil consumption increasing whole-body lipid
oxidation and decreasing total body fat content,96 and speciﬁcally abdominal
fat content.97 Most human studies, however, have so far examined the effect
of PUFA intake on end-points related to cardiovascular health and insulin
sensitivity, rather than to body weight and body fat control. There is a paucity
of human studies speciﬁcally designed to ascertain whether the intake of
PUFAs (or PUFA-rich foods such as ﬁsh oils and nuts) can assist in weight
loss and/or in weight maintenance after weight loss in the long-term.
Monounsaturated fatty acids
Monounsaturated fatty acids (MUFAs), and particularly oleic acid, appear
to have beneﬁcial effects regarding cardiovascular health and insulin sensitivity (reviewed in references 98 and 99). MUFAs may also be beneﬁcial
in the context of weight-management strategies. For instance, MUFAs
induce a lower increase of postprandial triglyceridemia than saturated
fats100 and may favor energy expenditure and thermogenic function. In a
rodent study in which the inﬂuence of four dietary lipid sources (olive oil,
sunﬂower oil, palm oil and beef tallow) were compared, it was found that
total-body oxygen consumption was higher in rats fed olive oil than in those
fed the other three diets, and that olive oil feeding induced the highest
uncoupling protein expression in BAT and skeletal muscle.101
These and other results have prompted considerable interest in the use
of modified fat diets rich in MUFAs for weight management. To date,
however, there is no evidence from ad libitum dietary intervention studies
that a normal-fat, high-MUFA diet is similar to a low-fat diet in preventing
weight gain.102 Likewise, there is no evidence that energy-restricted, moderate-fat diets rich in MUFAs are better than isoenergetic diets with mixed
dietary fats103 or a low fat content104,105 for weight loss, although in some
studies the MUFA-rich diets did improve the cardiovascular disease risk
proﬁle relative to the low-fat diets.105,106
Medium-chain triacylglycerols
Medium-chain triacylglycerols (MCTs) are triacylglycerols composed of
fatty acids that contain 6–12 carbon atoms (see also Chapter 14). Medium-
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chain fatty acids (MCFAs) formed upon digestion of MCTs behave in a
metabolically different way to long-chain fatty acids (LCFAs, of more than
12 carbon atoms) derived from long-chain tricylglycerols (LCTs). LCFAs
require chylomicron formation for their absorption and transport. MCFAs,
in contrast, are transported in the portal blood directly to the liver, thus
bypassing peripheral tissues such as adipose tissue, making them less susceptible to the action of LPL and to deposition into adipose tissue stores.
The structure-based differences continue through the processes of fat utilization: thus, unlike LCFAs, MCFAs enter the mitochondria independently
of the carnitine transport system, so that they may be more easily
oxidized.107
Studies in animals and humans have shown that MCTs have a greater
thermogenic effect than LCTs in the short term, probably due to their
rapid oxidation (reviewed in reference 108). Longer studies in animals
and humans have shown that consumption of MCTs instead of LCTs
can result in less body weight gain and decreased size of fat depots.108–110
Coconut oil is particularly rich in MCTs, and we found in rats that a
coconut-oil enriched diet was particularly effective in stimulating BAT
UCP1 expression during ad libitum feeding and in preventing UCP1
down-regulation during food restriction, and that these effects went
hand in hand with a decrease in the mass of white fat stores.111 Furthermore,
data suggest that MCT consumption increases satiety more than LCT
consumption.108,109
The above results indicate the potential for MCTs to act as dietary
adjuncts for improved body weight maintenance or even possibly weight
loss. However, evidence for the latter role is not compelling from the human
studies conducted so far. In one study, hypocaloric feeding in obese women
with a diet containing 24% of calories as MCTs did not result in increased
rate or amount of weight loss (compared with LCTs) after 12 weeks.112
In another study, MCTs as part of a very low calorie diet supported
higher weight and fat loss than LCTs during the ﬁrst two weeks, accompanied by less intense hunger feelings and increased satiety, but the effects
gradually declined during the third and fourth weeks of treatment, indicating subsequent metabolic adaptation.113 In addition, there are some concerns regarding the cardiovascular effects of MCTs, because MCT
consumption was found to result in increased total cholesterol, LDL-cholesterol, triacylglycerol and glucose concentrations in plasma.114 MCTs
appear to increase hepatic de novo lipogenesis and to enhance insulin sensitivity.112,115 Thus, ﬁndings in support of a potential slimming effect of MCTs
(lower energy density, control of satiety, rapid intrahepatic delivery and
oxidation rates, poor adipose tissue incorporation) may be invalidated by
counteracting effects (stimulation of insulin secretion and of anabolicrelated processes, increased de novo fatty acid synthesis and induced
hypertriglyceridemia).116
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Diacylglycerols
Substitution of triacylglycerols in the diet by diacylglycerols has also been
proposed to be of potential value in the prevention and management of
obesity, probably because of effects of diacylglycerols that are similar to
those of MCTs. Whereas triacylglycerols are catabolized to two fatty acid
molecules and a 2-monoacylglycerol molecule that in the enterocyte acts as
a backbone for the reformation of triacylglycerol molecules for packaging
into chylomicrons, diacylglycerols of the 1,3 conformation are catabolized
to two fatty acids and a glycerol moiety, which may be diverted through the
portal circulation directly to the liver. Thus, fatty acids derived from diacylglycerol may be less available to adipose tissue and more easily oxidized
in the liver.
Reported effects of the intake of diacylglycerol compared with triacylglycerol of a similar fatty acid composition include, in animals, lowering of
plasma triacylglycerol levels and decreasing postprandial hyperlipidemia,
increasing energy expenditure, increasing lipid oxidation capacity in liver
and intestinal cells, and reducing diet-induced obesity117,118 (reviewed in
reference 119). The serum triglyceride-lowering effect of diacylglycerol
compared with triacylglycerol intake can be related to an impairment of
chylomicron assembly and subsequent release into the blood through the
lymph, because reacylation to triacylglycerol in small intestinal cells was
found to be slower with diacylglycerol feeding than triacylglycerol feeding.119
Stimulation of enzyme activities responsible for beta-oxidation in the small
intestine and liver may also contribute to reduced postprandial hyperlipidemia as well as to increased energy expenditure, which result in suppression
of diet-induced obesity.119 A decrease in triacylglycerol content in the
chylomicron lipoprotein fraction following acute diacylglycerol-oil versus
triacylglycerol-oil intake was also shown in humans;120 other reported
acute effects of diacylglycerol consumption in humans include lowering
parameters of appetite and increasing fat oxidation and ketone body
formation.121
Studies in humans support the potential value of diacylglycerol for the
management of excess body weight and related disorders. In one study,
carried out in 38 healthy non-obese and slightly overweight men, supplementation for 16 weeks with dietary diacylglycerol (provided at breakfast
in the form of bread, mayonnaise and shortbread as part of an otherwise
self-selected diet) resulted in decreases of body mass index, waist circumference, and visceral and subcutaneous adipose tissue greater than with triacylglycerol supplementation.122 In a weight-loss study carried out in 131
obese men and women, it was found that consumption of diacylglycerol oil
as part of a reduced-energy diet enhanced loss of body weight and fat in
comparison with consumption of a triacylglycerol control oil.123 Moreover,
dietary diacylglycerol has been shown to suppress postprandial increases in
serum lipid levels and to produce a higher postprandial energy expenditure
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and lipid oxidation compared with dietary triacylglycerol in humans,124,125
and evidence has been obtained that diacylglycerol may be useful in the
management of obesity and lipid abnormalities in both type 2 diabetic
subjects and non-diabetic subjects with insulin resistance.126,127
Diacylglycerol has been approved by the Japanese Government as a food
for speciﬁc health use to control postmeal blood lipids and body fat128 and
has recently been introduced in the EU as a novel food. Diacylglycerols
occur naturally in small concentrations in several edible oils, cottonseed
being among the richest. A diacylglycerol-rich cooking oil has been produced that contains about 80% diacylglycerols,128 the oil can be incorporated into foods or consumed as a salad dressing.
4.5.2 Dietary protein and amino acids
High-protein diets for weight management have being revisited in recent
years (reviewed in references 46 and 129). Proteins are more thermogenic
(see Section 4.2.3) and satiating (see Chapter 2) than fats and carbohydrates.
There is convincing evidence from human intervention studies that a higher
protein intake (25% or more of the total energy as protein) increases thermogenesis and satiety, and reduces subsequent energy intake in the shortterm compared with diets having the usually recommended protein content
(15% or less of total energy as protein).46,129 There is also evidence that
higher-protein diets can result in an increased weight loss and fat loss as
compared with diets lower in protein, probably due to reduced perceived
hunger and energy intake.46,129,130 Higher fat loss with high-protein diets is
evident, however, even under isocaloric conditions, where total weight loss
is not affected, pointing to a metabolic effect of protein favoring energy
repartitioning towards lean body mass. Increasing the protein intake (from
15 to 18% total energy) has also been shown to limit weight regain and favor
the regaining of fat-free mass at the cost of fat mass during weight maintenance after weight loss, under ad libitum energy intake conditions.131
How can a higher protein intake affect body composition? Layman et
al.132 reported that substituting dietary protein for carbohydrate in energyrestricted diets brought about endocrine changes (maintenance of thyroid
hormones T3 and T4 and reduced insulin response to a test meal) consistent
with higher rates of lipolysis. In addition, an increased amount of dietary
protein has been shown to reduce nitrogen losses associated with very low
energy diets and to sustain muscle protein anabolism during catabolic conditions (reviewed in reference 78). Hence, the changes in body composition
associated with the higher protein diets may be associated with either
targeting of body fat or sparing of muscle protein or both.132
A high intake of branched-chain amino acids (BCAAs: leucine, valine
and isoleucine), and speciﬁcally of leucine, may be of special interest in the
context of body weight-loss strategies, because of the effects of BCAAs on
glycemic control and the speciﬁc effects of leucine in promoting muscle
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protein synthesis and/or inhibiting muscle protein breakdown (see Section
4.4.3) (reviewed in references 78 and 133). These metabolic roles for BCAAs
can only be sustained by diets that provide them at levels exceeding the
requirements for BCAAs as substrates for protein synthesis, which is their
primordial metabolic destiny.78 Of note, the BCAAs are the only amino
acids not degraded in the liver, so that dietary intake directly impacts
plasma levels and concentrations in peripheral tissues. BCAAs account for
15–25% of the total protein intake, with whey protein and dairy products
being particularly rich sources.
Major concerns about using higher-protein diets, particularly those rich
in animal products, are an increased risk of renal failure and the association
of cholesterol and, especially, saturated fatty acids with cardiovascular
disease. There is little evidence for adverse effects of high-protein diets on
renal function in individuals without established renal disease,134 although
it is obvious that caution should be exerted in the case of susceptible groups.
Likewise, it appears that moderately high protein diets are not harmful to
cardiovascular health and may indeed be beneﬁcial.135–137 In any case,
although recent evidence supports potential beneﬁts, rigorous longer-term
studies are needed to investigate the safety and effects of high-protein diets
on weight loss and weight maintenance.
It is important to emphasize that a high-protein diet does not necessarily
mean a very low carbohydrate, high-fat Atkins diet (the latter diets having
∼10% of the energy as carbohydrate and ∼60% as fat). Various studies have
found greater fat losses with diets consisting, for instance, of 25–30% protein,
40–45% carbohydrate, 30% fat compared with diets close to the usually
recommended 15% protein, 60% carbohydrate, 25% fat macronutrient
balance (see reference 46).
4.5.3 Micronutrients
Calcium
Anti-obesity effects of dietary calcium have been demonstrated in rodents,
in which calcium supplementation attenuates the development of high-fat
diet-induced obesity, accelerates weight and fat loss under energy restriction conditions, and limits weight and fat gain during refeeding after weight
loss (reviewed in reference 138). Dairy products were found to be more
potent than supplemental calcium in these animal studies.
In humans, observational studies have noted an inverse relationship
between dietary calcium intake, and speciﬁcally of dairy products intake,
and body mass index or body fat,138 but these effects could be due to other
characteristics of high-calcium/dairy consumers. A systematic review of
randomized trials of calcium/dairy supplementation (which were designed
to analyze end-points related to bone health, but included information on
changes in body weight/composition) concluded that the data available
provide little support for an effect of calcium in reducing body weight or
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fat mass,139 but other reviews (not systematic) have reached the opposite
conclusion.140 Some studies found that a high calcium (and especially a high
dairy) intake increased weight and fat loss in response to caloric restriction
in obese people,141–143 but others failed to detect any effect of high calcium/
dairy intake beyond that seen with energy restriction alone.144–146 Thus, there
is evidence that calcium intake may help to reduce body weight or adiposity,
but the evidence is not conclusive and further weight-loss and weight-maintenance studies assessing long-term effects of calcium and dairy supplementation are needed.147
A mechanism by which dietary calcium intake might affect body weight/
adiposity is by reducing dietary fat absorption (see reference 147). In addition, a metabolic mechanism for the effect of dietary calcium on adiposity
has been proposed, based on studies in cultured human adipocytes and
animal studies (reviewed in references 138 and 147). This mechanism
involves effects of dietary calcium intake on the levels of calcitrophic hormones, and the subsequent effect of these hormones on calcium uptake by
adipocytes and pancreatic beta cells, which leads to changes in intracellular
calcium concentration that impact on adipocyte metabolism and insulin
secretion. Low-calcium diets favor high circulating levels of 1,25-dihydroxyvitamin D (active vitamin D), which was demonstrated to stimulate
calcium entry into adipocytes (through activation of a membrane receptor
different from the nuclear vitamin D receptor) and is assumed to stimulate
calcium entry into pancreatic beta cells. Within the adipocytes, increased
intracellular calcium concentration was shown to enhance lipogenesis and
inhibit lipolysis, by inducing fatty acid synthase transcription and stimulating cAMP phosphodiesterase activity, respectively. Within the pancreas,
intracellular calcium is known to stimulate insulin release, which will further
act to stimulate lipogenesis and inhibit lipolysis. Thus, suppression of 1,25dihydroxyvitamin D, as occurs during high-calcium diets, would result in
reduced lipogenesis and increased lipo-lysis – and possibly increased fat
oxidation and thermogenesis – in adipocytes.
The augmented anti-obesity effect of dairy products relative to supplemental calcium found in many animal and human studies may be due to
differences in the bioavailability of calcium, or to the presence of additional
bioactive compounds in whey or whole milk, such as BCAAs or conjugated
linoleic acid (see Section 4.6), which may act synergistically with calcium to
attenuate adiposity (see reference 138).

Vitamin A
A possible involvement of vitamin A in the modulation of body adiposity
is suggested by cell and animal studies (reviewed in reference 73). In rodents,
acute treatment with pharmacological doses of retinoic acid (RA), the carboxylic form of vitamin A, causes a reduction of body weight and adiposity
that is not dependent on reduced energy intake and correlates with an
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increased thermogenic potential in BAT (with increased expression of
UCP1 and UCP2) and muscle (with increased expression of UCP3) and
a depressed adipogenic/lipogenic potential and the acquisition of BAT
features in white fat depots.148–151 Reduction of adiposity after in vivo RA
treatment supports effects of RA in inhibiting adipogenesis, promoting
apoptosis of fat cells and triggering transcriptional activation of the genes
encoding uncoupling proteins, all of which have been demonstrated in cell
culture systems (reviewed in reference 73). Both the UCP1 and the UCP3
gene contain an RA response element in their promoter for the binding of
speciﬁc transcription factors (the retinoid receptors) capable of enhancing
transcription after their interaction with an RA molecule (see reference
73). Dietary pro-vitamin A carotenoids also induce UCP1 expression in
cultured brown adipocytes, an effect that could be due, at least in part, to
local conversion into RA.152
As with acute RA treatment, dietary vitamin A supplementation (with
retinyl palmitate, at 40- to 50-fold the usual dose, over 8–18 weeks) also
increases thermogenic potential in BAT and muscle of rodents, and appears
to confer some resistance to the development of high-fat diet-induced
obesity in mice153 and to modestly but signiﬁcantly reduce adiposity in rats
fed normal chow.154 A poor vitamin A status, on the other hand, favors in
mice an increment of adiposity, independent of changes of energy intake,
that correlates with an increased adipogenic/lipogenic potential in WAT
depots and a depressed thermogenic potential in BAT.149,150 The latter result
agrees with the observation that diets poor in vitamin A favor adipose tissue
formation in sirloin (the so-called ‘bovine marbling’).155
RA treatment and dietary vitamin A supplementation also affect the
secretory function of adipose tissues in rodents, triggering a marked downregulation of the expression and circulating levels of two adipocyte-secreted
proteins, the excess of which has been related to insulin resistance – namely
resistin156 and leptin.154,157,158
Together, the results of these animal studies point to a relationship
between vitamin A status and body adiposity and systemic insulin sensitivity that deserves further investigation in humans. Of note, there are studies
linking a low dietary intake of vitamin A with high incidence of obesity in
certain human populations.159,160 Subclinical deﬁciency in vitamin A is
common in industrialized countries161 and, on the top of energy-dense diets,
may be a factor contributing to the obesity epidemics.
4.5.4 Plant ingredients interfering with the sympathoadrenal system
Because thermogenesis and fat oxidation are to a large extent under the
control of the SNS, approaches that mimic or interfere with the SNS and its
neurotransmitter noradrenaline offer a rational approach for obesity
management. Current interest in the nutrititional/nutraceutical arenas has
focused on plant ingredients capable of enhancing the release of noradrena-
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line from presynaptic neurons (ephedrine), prolonging the half-life of noradrenaline in the synaptic cleft (catechin polyphenols), potentiating the
actions of noradrenaline in postsynaptic cells (caffeine and other methylxanthines), or having adrenergic agonist activity (ephedrine, synephrine).
Combinations of caffeine and ephedrine
Caffeine (and other methylxanthines, abundant in coffee and teas) inhibits
cAMP phosphodiesterases, thus prolonging the half-life of cAMP, which is
a critical intracellular mediator for the lipolytic and thermogenic effects of
catecholamines. Ephedrine, the principle alkaloid found in shrubs of plants
of the genus Ephedra, and other Ephedra alkaloids, promote the release of
noradrenaline from SNS terminals and possess adrenoceptor agonist activity,
thus favoring thermogenesis, vasoconstriction and increased blood pressure;
in addition, Ephedra alkaloids have amphetamine-like effects in the central
nervous system, promoting appetite suppression, mood elevation and resistance to fatigue (reviewed in reference 162). Combinations of ephedrine and
caffeine are marketed both as pure compounds in capsular form and as
herbal preparations sold under the category of dietary supplements.
Ephedrine and Ephedra alkaloids, alone and especially when combined
with caffeine or caffeine-containing herbs, have been repeatedly demonstrated to promote a modest but signiﬁcant short-term weight loss (approximately 0.9 kg/month more than placebo, without caloric restriction) in
human trials, as concluded in a recent meta-analysis.163 This meta-analysis
also concluded, however, that the intake is associated with a 2.2- to 3.6-fold
increase in the likelihood of psychiatric, autonomic or gastrointestinal
symptoms, and heart palpitations.163 Some authors consider that the beneﬁts
of mixtures of ephedrine and caffeine in treating obesity may outweigh the
associated risks, because side effects, when the products are used under
controlled conditions, are usually mild and transient.164,165 However, individual susceptibility to adverse effects associated with the consumption of
combinations of ephedrine and caffeine cannot be ignored; similarly, it is
essential not to ignore the fact that the side effects may be particularly
inappropriate for obese individuals, who often already have hypertension
and other cardiovascular risk factors. Moreover, there have been case
reports of serious adverse effects (such as death, myocardial infarction,
hypertension and stroke) attributed to the consumption of ephedrine and
Ephedra.162,166 Because of safety concerns, the US Food and Drug
Administration (FDA) banned Ephedra and ephedrine-containing drugs
and dietary supplements in April 2004.
Bitter orange (Citrus aurantium)
Following the withdrawal of ephedrine from the dietary supplement marketplace, sales of products containing Citrus aurantium (bitter orange or
Seville orange) for weight loss are believed to have increased dramatically.
Citrus aurantium contains a number of constituents speculated to lead to
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weight loss, of which the most frequently cited constituents are synephrine
and octopamine, which are structural analogs of adrenaline and noradrenaline, respectively, that can act as adrenoceptor agonists.
An increase in the thermic effect of food in women by adrenergic amines
extracted from Citrus aurantium has been described, but this acute response
may not translate into a chronic effect or a clinically signiﬁcant weight loss
over time.167 Synephrine has lipolytic effects in human fat cells only at high
doses, and octopamine does not have lipolytic effects in human adipocytes.168
The only randomized placebo-controlled clinical trial of Citrus aurantium
for weight loss conducted so far tested a combination product with high
levels of caffeine (in addition to energy restriction and physical exercise over
6 weeks) and did not ﬁnd an effect superior to placebo on body weight loss;
reduction of body fat mass was higher in the treated group, but this effect
cannot be attributed to Citrus aurantium alone (see references 169 and 170).
In addition, concerns have been raised about the safety of products containing synephrine, since this compound increases blood pressure in humans and
other species, and has the potential to increase the incidence of adverse
cardiovascular events (see references 169 and 170).
Catechin polyphenols and teas containing them
Catechin polyphenols inhibit the enzyme catechol-O-methyl-transferase,
which normally degrades noradrenaline at the synaptic junctions. Catechin
polyphenols are found in large quantities in non-fermented teas, which also
contain caffeine, and considerable interest has focused on the potential use
of these teas, green tea and oolong tea (or extracts of them), in assisting in
weight management. Acutely, oral administration of green tea extract was
shown to increase 24 h energy expenditure and fat oxidation in humans,171
and administration of green tea extract over 12 weeks, as part of a regular
self-selected diet, was claimed to result in a 4.6% reduction of body weight
and a 4.5% reduction of body circumference.172 The few studies examining
the effects of oolong and green tea as a beverage did ﬁnd modest effects
on energy expenditure and fat oxidation, but were studies of very short
duration.173,174 Therefore, whether these slight increases in energy expenditure and fat oxidation persist over a long period, or are subject to dietary
compensation to offset the slight energy imbalance, remains to be established. In addition, the quantity of tea (as a beverage) that must be consumed to obtain an effect has not been established, and may be
disproportionately high.108 Thus, the potential of green tea and oolong tea
as functional foods for weight management remains to be established.
4.5.5 Other food and food components of interest
Capsaicin and capsaicin-rich foods
Capsaicin is the major pungent component in fruits of Capsium. In experimental animals it was reported to enhance adrenal catecholamine secretion,
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activate BAT function, enhance energy expenditure and suppress body fat
accumulation upon long-term treatment (see references 175 and 176).
Capsaicin-rich foods (e.g. chilli peppers and red peppers) have been shown
to stimulate fat oxidation and thermogenesis in humans,177,178 although the
effects appear to be weaker in obese subjects.179 Non-pungent capsaicin
analogs found in some pepper varieties, which may be more suitable than
capsaicin for functional food and nutraceutical developments, also increase
thermogenesis and energy consumption in humans and mice.175,176
Anthocyanins
Anthocyanins are phenolic phytochemicals used for the coloring of foods
and widely distributed in human diets through crops, beans, fruits, vegetables
and red wine. In one study,180 it was found that dietary supplementation with
anthocyanins (cyanidin 3-O-β-d-glucoside-rich purple corn color) suppressed the development of high-fat-diet-induced obesity and insulin resistance in mice; the effect was not due to reduced energy intake or fat
absorption, and was accompanied by reduced expression of key enzymes
and transcription factors for fatty acid and triacylglycerol synthesis in both
liver and WAT. These results suggest that anthocyanins may constitute functional food factors of beneﬁt in the prevention of obesity and diabetes, probably by targeting lipogenesis (effects on energy expenditure/thermogenesis
were not addressed in the above study, and remain to be investigated).
Hydroxycitric acid (HCA) (Garcinia cambogia)
HCA is the active ingredient of fruit rinds of Garcinia cambogia, a plant
native to India. HCA is a potent inhibitor of ATP citrate lyase, which catalyzes the extramitochondrial cleavage of citrate to oxaloacetate and acetylCoA (see Fig. 4.3). The inhibition of this reaction limits the availability of
acetyl-CoA units required for fatty acid synthesis and lipogenesis during a
lipogenic diet (reviewed in reference 181). Animal studies have shown that
dietary HCA can suppress de novo fatty acid synthesis and food intake, and
decrease body weight gain. Clinical studies in humans conducted so far have
shown controversial ﬁndings, and evidence of a weight-loss effect of Garcinia
cambogia or HCA in humans is not compelling (reviewed in references 182
and 183). A recent randomized, double-blind placebo-controlled study concluded, however, that a novel calcium/potassium salt of HCA, in addition
to a moderate caloric restriction and exercise program, is a highly effective
adjunct to weight control.184
Oleoyl-estrone
Oleoyl-estrone is a natural hormone derivative found in plasma and tissues,
and also in milk and dairy products.185 Oleoyl-estrone administration (as a
drug) was shown to induce a dose-dependent loss of body fat in a variety
of rodent models.186–188 This slimming effect is due to both a decrease in
food intake and the maintenance of energy expenditure, creating an energy
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gap that is ﬁlled with internal fat stores while preserving body protein.189
Recently, weight loss in a patient with morbid obesity under treatment with
oleoyl-estrone was reported.190 Human phase I clinical studies of oleoylestrone administration as an anti-obesity therapy are currently underway
in the United States.191
Tungstate
Tungstate, ﬁrst studied as a potential antidiabetic agent, was recently shown
to have an anti-obesity effect in a rodent model of diet-induced obesity.192
In this study, in obese rats, oral administration of tungstate signiﬁcantly
decreased body weight gain and adiposity without modifying caloric intake,
intestinal fat absorption or growth rate. These effects were mediated by
an increase in whole-body energy dissipation and by changes in the expression of genes involved in the oxidation of fatty acids and mitochondrial
uncoupling in adipose tissue. Furthermore, treatment increased the number
of small adipocytes with a concomitant induction of apoptosis. These
results indicate a potential value of tungstate in obesity treatment. Further
clinical studies are needed to test the efﬁcacy and safety of tungstate for
weight loss.
Yerba mate
Yerba mate (Ilex paraguariensis) is an evergreen tree that is native to South
America, and contains relatively large amounts of caffeine. In a combination preparation with guarana (Paullinia cupana, also rich in caffeine) and
damiana (Turnera diffusa) it was tested in a double-blind, placebocontrolled trial in obese patients, who were instructed not to change their
eating habits during the treatment; the combination was found to delay
gastric emptying, reducing the time to perceived gastric fullness and to
produce substantial weight loss.193 Further clinical studies are needed to test
the efﬁcacy and safety of yerba mate for weight loss.
Yohimbe
Yohimbe (Pausinystalia yohimbe) is an evergreen tree that is native to
Central Africa. The rationale for its use in weight-management strategies
relies on the fact that yohimbine, the main active constituent of the ground
bark of yohimbe, is an antagonist of alpha-2 adrenoceptors and there is
evidence that antagonism of these receptors may lead to increased lipolysis.
However, the results of three double-blind, randomized clinical trials using
yohimbine to achieve weight loss have been conﬂicting, and at present it is
unclear whether yohimbine is effective in reducing body weight (reviewed
in reference 182).
Licorice
Licorice, the root of the Glycyrrhiza species, is one of the most frequently
employed botanicals in traditional medicines. Some animal studies reported
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suppression of abdominal fat accumulation after dietary supplementation
with licorice194 and, in a human trial, licorice administration was found to
reduce body fat mass, without changing body mass index, in 15 normalweight subjects under free-living conditions (no caloric restriction).195 The
mechanism of action, safety and efﬁcacy of licorice for weight loss is
unknown.

4.6

Using ergogenic aids for weight control

A comprehensive deﬁnition of the use of nutritional ergogenic aids is
‘dietary manipulation to improve physical and sports performance’.
Nutritional ergogenic aids are a growing market and are increasing in popularity and variety. There are a large number of products marketed as
nutrititional ergogenic aids that also claim to assist in weight management,
by virtue of a purported capability to affect some aspects of energy
metabolism or, more often, body composition, increasing lean body (muscle)
mass and/or reducing fat mass. These include protein and amino acid
supplements, and combinations of ephedrine and caffeine, already presented in the preceding section. Caffeine has been proven to have ergogenic
effects in a number of human studies, although the mechanism(s)
behind these effects are largely unknown: the popular view is that caffeine,
by virtue of its capability to inhibit cAMP phosphodiesterases, increases
fat supply to the muscle, which in turn can increase fat oxidation, spare
glycogen and thus extend exercise time, but there are other ways in
which caffeine may impact positively on exercise performance, including
effects on Na/K ATPase and intracellular calcium distribution in muscle
cells (reviewed in references 75, 196 and 197). Evidence for ergogenic
effects of Ephedra alkaloids – or of their combination with caffeine, beyond
the effect brought about by the latter – is weak and insufﬁcient,163,197,198 as
is the evidence for ergogenic effects of protein and amino acid
supplements.77,199
Other supplements marketed both as ergogenic aids and weight-loss aids,
by virtue of purported effects on body composition, are presented below.
4.6.1 Conjugated linoleic acid (CLA)
CLA is the acronym that describes a group of octadecadienoic acids (18:2)
that are isomers of the essential fatty acid linoleic (C18:2, n-6) but whose
double bonds are not separated by a methylene group but are conjugated.
CLA is naturally present in certain foods, such as the meat of ruminants
(e.g. beef, lamb) and dairy products (e.g. milk, cheese) where they can represent 0.5–2% of the fatty acids. In these products the predominant isomer
(about 75–90%) is cis-9,trans-11 CLA. Three other isomers (trans-7,cis-9
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CLA, trans-9,cis-11 CLA and trans-11,cis-13 CLA) are usually present in
intermediate concentrations, whereas there are approximately 20 other
isomers that can be present in smaller quantities. The CLA chemically
produced for commercialization and used in dietetic complements or foods
is usually a relatively rich CLA mixture containing about equal proportions
of two isomers, trans-10,cis-12 CLA and cis-9,trans-11 CLA, with a minor
presence of other isomers.
Interest in CLA arose, initially, in its anticarcinogenic action. However,
CLA may have several other health beneﬁts, including the reduction of
body fat and an improvement of blood lipid proﬁle in relation to the risk
of cardiovascular diseases and diabetes (see reference 200). However, conﬂicting results on the effects of CLA have been reported depending on days
of treatment, dose, animal species used and proportion of each isomer
(reviewed in reference 201). Most of the experiments have used a mixture
of different isomers, while it is increasingly evident that different CLA
isomers have different or even opposite biological effects (e.g. see references 200 and 202). There is substantial evidence that the trans-10,cis-12
CLA isomer is responsible for the effects on body composition and lipid
metabolism, whereas anticarcinogenic properties are mostly associated with
the cis-9,trans-11 CLA isomer.203
In different animal models, CLA has been shown to reduce substantially
the amount of body fat and to increase relatively the proportion of lean
body mass, without substantially reducing body weight (reviewed in references 204–206). Reduction of fat accretion is mainly explained by the effects
of trans-10,cis-12 CLA inhibiting lipoprotein lipase activity in adipose tissue
in vivo, thereby reducing lipid uptake into adipocytes and inhibiting adipogenesis (reviewed in reference 200). In humans, the available information
indicates that CLA can produce, among other effects, a moderate reduction
in body fat content and a relative, very modest, increase in lean body mass
(reviewed in references 201 and 207). The conclusion of the longest doubleblind, placebo-controlled study conducted to date has been that daily supplementation with a 1 : 1 mixture of the CLA isomers trans-10,cis-12 and
cis-9,trans-11, administered in either the triacylglycerol or free fatty acid
form for 12 months reduced body fat mass by approximately 8% without
affecting lean mass in overweight subjects consuming an ad libitum diet.208
In an extension of the latter study, it was found that the reduction of body
fat mass persisted after one more year of daily CLA supplementation,209
suggesting that CLA helps prevent regain of body fat. In fact, in a human
study designed to analyze the effect of CLA on body weight gain after
weight loss, CLA supplementation for 13 weeks did not affect the percentage of body weight regain, but favored the regain of lean body mass instead
of fat mass.210
In most human studies no safety problems have been described with the
currently used daily doses of CLA (1.5–7 g/day). However, different reports
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by the Riserus and Vessby group have described signiﬁcant increases in lipid
peroxidation parameters and insulin resistance, as well as in blood glucose
and serum lipid concentrations, in obese patients treated with CLA (see
reference 211). The longest human studies on CLA supplementation performed to date concluded that CLA is well tolerated and safe for use in
overweight humans for 1–2 years.208,209,212 In one of these studies, the groups
treated with CLA had higher values of lipoprotein(a), trombocytes and
leucocytes, suggesting that CLA may increase cardiovascular disease risk
and may promote an inﬂammatory response, even though the observed
changes were within the normal range and were not considered clinically
relevant.208
In summary, CLA (i.e. some combinations of isomers) appears to be a
potentially interesting ingredient of functional foods to combat obesity or,
to be more precise, to prevent excess fat gain. However, additional studies
are needed in both animal models (to select appropriate combinations,
looking at mechanistic aspects) and in humans (to address and qualify
risk/beneﬁts) regarding potential effects on inﬂammation and the insulin
system.

4.6.2 Chromium and chromium picolinate
Chromium is an essential trace mineral and cofactor to insulin. Chromium
picolinate is an organic compound of trivalent chromium and picolinic acid
(a naturally occurring derivative of tryptophan), which is better absorbed
than dietary chromium. Reported effects of chromium in connection with
body weight management found in some clinical trials include an increase
in lean body mass, a decrease in percentage body fat and an increase in
basal metabolic rate (reviewed in reference 182). However, there is no
conclusive evidence of positive effects of chromium supplementation on
body composition of healthy humans, even when taken in combination with
an exercise training program.213 A 2003 meta-analysis of ten randomized,
double-blind, placebo-controlled studies assessing chromium picolinate
supplementation without energy restriction for a period of 6–14 weeks in
obese subjects found a small but signiﬁcant effect of the supplement in
reducing body weight; however, this effect was largely dependent on the
results of a single trial and was much lower than the effect brought about
by moderate energy restriction.214 Very recently, a randomized, doubleblind, placebo-controlled trial lasting 6 months similarly concluded that
there is no evidence that high-dose chromium picolinate treatment is effective in reducing body mass index or improving metabolic parameters in
obese patients with type 2 diabetes.215 Additionally, some trials reported
adverse effects, and cell and animal studies have indicated that chromium
picolinate is mutagenic and may generate oxidative damage to DNA and
lipids (see reference 213). Thus, the efﬁcacy and long-term safety of chro-
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mium and chromium picolinate for weight loss and as an ergogenic aid are
uncertain.

4.6.3 Hydroxymethylbutyrate
Beta-hydroxy-beta-methylbutyrate (HMB) is a leucine metabolite that has
shown anticatabolic actions through inhibiting ubiquitin-proteosomemediated protein breakdown216 and that may prevent exercise-induced
muscle damage.217 It is primarily used by bodybuilders as a supportive
measure to induce changes in body composition, and could be a potential
dietary supplement for body weight reduction.182 Randomized clinical
trials conducted to assess the potential for HMB as an ergogenic aid
reported modest effects in reducing fat mass and increasing lean body
mass, and no apparent adverse effects (reviewed in references 199 and
218).

4.6.4 Carnitine
Carnitine is a trimethylamine molecule that plays an important role in the
transport of long-chain fatty acids into mitochondria for oxidation. There
is some evidence for a beneﬁcial effect of carnitine supplementation in
training, competition and recovery from strenuous exercise and in regenerative athletics (reviewed in reference 219). The rationale for carnitine
supplementation as a weight-loss agent is based on the assumption that
regular oral ingestion of the substance increases its intracellular concentration, thus favoring fat oxidation. However, studies have shown that oral
carnitine ingestion does not change muscle carnitine concentration in
healthy non-obese humans, and that carnitine supplementation does not
promote weight loss in moderately overweight humans.220,221

4.7

Future trends

Obesity – with its associated co-morbidities such as the metabolic syndrome
and also its health costs – is one of the major biomedical problems of recent
decades, and effective and satisfying preventive strategies and treatments
are necessary. Compliance with conventional weight-management programs
is notoriously poor, and there is room for innovation.
A plethora of over-the-counter dietary supplements to treat obesity are
currently marketed worldwide. Many of them have not been tested in randomized controlled trials in humans.183 For those that have been tested in
this way, evidence for effectiveness and safety is not compelling (reviewed
in references 182 and 183). Products for which there actually is a scientiﬁc
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rationale have in general only minor weight-reducing effects, so that they
must be considered to have at most an adjuvant role within the framework
of more strict weight-loss regimens.222 Moreover, the risk/beneﬁt balance is
unfavorable for some supplements of proven effectiveness, because of
adverse effects associated with their consumption, as is the case with supplements containing Ephedra or ephedrine.
Functional foods that affect energy metabolism and fat partitioning may
also serve as adjuncts to a dietary approach to body weight control, when
incorporated in a healthy and balanced diet. Some traditional foods – such
as tea, milk and nuts – might be of value in this sense, as might be designed
foods with saturated fat replaced by n-3 PUFA or CLA, with long-chain
triacylglycerols replaced by medium-chain triacylglycerols or diacylglycerols, or enriched in thermogenic ingredients or certain amino acids, among
other emerging possibilities.
Another important aspect to be considered is the macronutrient balance
of the diet. Negative energy balance produces weight loss independently of
the macronutrient composition of the diet (see references 99 and 223), but
there is increasing evidence that the latter can affect weight loss/maintenance, by virtue of distinct effects of proteins, fats and carbohydrates on
processes involved in body weight and body fat control. Elevated protein
intake, for instance, might assist body weight management through increased
satiety and reduced subsequent energy intake, increased diet-induced thermogenesis, its contribution to storage of fat-free mass and its low energy efﬁciency during overfeeding (due to the increased diet-induced thermogenesis
and to the composition of the body mass gained, with more fat-free mass)
(see reference 129). The results of human studies using high-protein diets
that have been conducted so far – together with the evidence pointing to
undesirable effects associated with high levels of consumption of reﬁned
carbohydrates, such as decreased satiety and increased carbohydrateinduced hypertriglyceridemia – suggest that, in dietary practice, it may be
beneﬁcial to partially replace reﬁned carbohydrate with protein sources
that are low in saturated fat for weight-management purposes.46 However,
longer-term studies are needed to establish the safety and efﬁcacy of highprotein diets in the long-term.
The system of body weight control is highly complex and redundant, and
very often intended changes in one pathway are compensated for by nonintended changes in another one. Because of this, strategies/developments
that affect different targets are of special interest. The combination of different bioactive ingredients in a unique dietary supplement or nutraceutical
is already a common practice, and, likewise, multi-factorial functional foods
for weight management may become commonplace in the near future. For
instance, a functional food product containing low-glycemic index carbohydrates, 5-hydroxytryptophan, green tea extract and chromium has already
been developed and is undergoing clinical testing;224 the ﬁrst two nutrients
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are purported to decrease appetite, while green tea is purported to increase
energy expenditure and chromium to promote the composition of the
weight loss to be fat rather than lean tissue.
With the advancing sciences of nutrition and nutrigenomics (which
studies nutrient–gene interactions globally using post-genomic approaches)
new developments in the functional foods and nutraceutical arenas are
envisaged for obesity control based on an increasing knowledge of how
speciﬁc nutrients and other food components affect hunger and satiety,
thermogenesis, fat oxidation, lipogenesis or body composition. Hand in
hand with this, increasing knowledge of how the individual’s genetic background inﬂuences his/her response to nutrients/diets and drugs will lead to
more individualized approaches for weight management.
Nutritional strategies and dietary patterns for obesity management
become increasingly important as we recognize from previous experience
the value of promoting positive behaviors rather than using a prohibitive
approach to accomplish a given health outcome. Most probably, however,
these measures will still have to be combined with energy restriction and
increased physical activity to achieve signiﬁcant weight loss. In any case,
knowledge of the molecular mechanisms and mechanistic aspects explaining the biological activity/effects, assessment of long-term efﬁcacy and
safety in well-designed human trials, proper risk/beneﬁt evaluation and,
where appropriate, product quality (e.g. absence of contamination, accuracy
of labeling), are aspects that will become progressively more important if
weight-loss claims are to be made for a given food/product, or if dietary
patterns are to be recommended for weight-management purposes.

4.8

Sources of further information and advice

The reader is referred to other chapters in this book for more detailed
information on:
•
•
•
•
•
•

lipogenesis and other processes of lipid metabolism (Chapter 1);
satiety and its modulation by speciﬁc nutrients (Chapter 2);
dietary calcium and body weight control (Chapter 11);
conjugated linoleic acid (Chapter 12);
polyunsaturated fatty acids (Chapter 13);
medium-chain triacylglycerols (Chapter 14).
Websites of interest:

•

http://www.efsa.eu.int/, home page of the European Food Safety
Authority (EFSA);
• http://www.cfsan.fda.gov/~dms/ds-info.html, US Food and Drug
Administration (FDA), pages on dietary supplements;
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•
•
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http://www.nceff.com.au/regulatory/reg-japan.htm, FOSHU system;
http://www.wisc.edu/fri/clarefs.htm, for current citations of the published
scientiﬁc literature on CLA.
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5
Food ingredients implicated in obesity:
sugars and sweeteners
G. H. Anderson, T. Akhavan and R. Mendelson, University of
Toronto, Canada

5.1

Introduction

The prevalence of obesity has increased dramatically in the past 35 years
and has been associated with increased metabolic diseases including type 2
diabetes, coronary heart disease, hypertension, osteoarthritis and respiratory complications, all of which impose enormous costs on the health care
system (Kopelman, 2000).
The etiology of obesity is multifactoral and the underlying reasons for
the rapid increase in prevalence have remained unclear. Increased energy
intake, decreased physical activity, large numbers of fast-food outlets, large
portion sizes and/or increased availability of sweeteners and sugars (especially high-fructose corn syrup, HFCS) have each been proposed as factors
contributing to this rise. Among all of the possible contributing factors,
sugars and sweeteners have received considerable attention for several
reasons. The increased prevalence of obesity has occurred concurrently with
the increased availability of caloric (Elliott et al., 2002) and alternative
sweeteners (Bright, 1999), the increased replacement of sugar (sucrose)
with HFCS (Bray et al., 2004) in foods and beverages and increased consumption of caloric and non-caloric sweetened beverages (Bray et al., 2004;
Popkin et al., 2006).
Although many attempts have been made to identify the role of sugars
and alternative sweeteners in obesity, direct evidence for cause and effect
remains elusive. Food disappearance data and food consumption surveys as
well as prospective and intervention studies continuously report a unique
role for sugars, especially in beverages, in excessive energy intake and
obesity. However many methodological issues arise from these studies
(Pereira, 2006). Furthermore, experimental studies and knowledge of the
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effects of sugars on food intake regulatory mechanisms fail to support a
biological mechanism that explains these associations. High-intensity sweeteners have been available for 50 years as substitutes for sugars, but in spite
of their increased usage obesity continues to increase. Therefore, it appears
that high-intensity sweeteners and sugars in diets are markers of a lifestyle
and dietary pattern that contributes to excess energy intake.
The objective of this chapter is to examine the role of caloric and
alternative sweeteners in either promoting or preventing overweight and
obesity.

5.2

Deﬁnition of sugars and alternative sweeteners

Carbohydrates are the main source of energy, making up 40–80% of the
individual’s total energy intake (Anderson et al., 1998). According to the
degree of polymerization, carbohydrates are divided into three principal
groups, namely sugars, oligosaccharides and polysaccharides (Anderson et
al., 1998).
5.2.1 Sugars (caloric sweeteners)
Sugars are classiﬁed into three groups: monosaccharides, disaccharides, and
trisaccharides. The simplest molecules of sugars are the monosaccharides,
which include galactose, fructose and glucose, the only monosaccharides
absorbed by humans. Disaccharides (including lactose, maltose and sucrose)
and trisaccharides (including rafﬁnose, found in cottonseed and sugar
beets), are derived from the union of monosaccharides. All of these sugars
provide approximately 4 cal/g.
Household ‘sugar’, or ‘table sugar’, is extracted mainly from sugar cane
or beet. This sugar is a disaccharide composed of 50% glucose and 50%
fructose linked by a-1,4 glycosidic bonds (Pancoast and Junk, 1980). Glucose,
also known as dextrose or corn syrup, is produced from corn starch. Fructose
is the sweetest of the simple sugars and is found as the monosaccharide,
along with glucose and sucrose, in fruits and vegetables (Park and Yetley,
1993). It is generally present in honey and fruits and vegetables in similar
amounts to glucose with the exception that it is found in much higher quantities than glucose in apples and pears. Sucrose is found in smaller quantities
(NDL, 2006).
HFCS is a nutritive liquid sweetener containing the monosaccharides
fructose and glucose, in varying proportions. The most common forms of
HFCS are HFCS 55% and 42%. HFCS 55% is composed of 55% fructose
and 45% glucose and is primarily used in sweetened soft drinks. In contrast,
HFCS 42% is composed of 42% fructose and 58% glucose and is primarily
used in solid foods such as jams, jellies, baked goods, canned goods and
dairy products (Hanover and White, 1993).
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5.2.2 Alternative sweeteners (non-nutritive sweeteners)
The hedonic value of sugars due to their sweetness can be provided in foods
and beverages by artiﬁcial sweeteners (non-caloric sweeteners) or polyols
(low-caloric sweeteners), alternatively called sugar substitutes, sugar replacers or alternative sweeteners.
High-intensity sweeteners provide sweeteness with negligible calories,
although the sensation of their sweetness is often different from that of
sugar. Saccharine, the oldest artiﬁcial sweetener is 300 times as sweet as
sucrose. Currently, ﬁve of the high-intensity sweeteners have been approved
by the US Food and Drug Administration (FDA) and include acesulfameK, aspartame, sucralose, saccharin and neotame which are 200, 180, 600, 300
and 8000 times sweetener than sugar, respectively (FDA, 2006). Two other
artiﬁcial sweeteners, alitame and cyclamate (2000 and 30 times sweeter than
sugar, respectively), have been used in foods in Europe but not in the
United States (CCC, 2006).
Another group of sweeteners provides sweetness with reduced calories.
These are the sugar alcohols, identiﬁed as sugar replacers or polyols. Sugar
alcohols – including mannitol, sorbitol, xylitol, erythritol and lactitol, which,
respectively, provide 1.6, 2.6, 2.4, 0.2 and 2.1 kcal/g – are hydrogenated forms
of carbohydrate where the ketone group has been reduced at the primary
and secondary hydroxyl group (Zumbe et al., 2001; ADA, 2004). Although
they have the same bulk and texture as sucrose, they are less sweet and
provide fewer calories than sugars. Additionally, they can be used to mask
the detectable aftertaste of some artiﬁcial sweeteners; therefore, they are
often used with high-intensity sweeteners (ADA, 2004).

5.3

Sugars and alternative sweeteners: role in obesity

5.3.1 Sugars
Availability of sugars
The increased prevalence of obesity over the past 35 years has occurred
concurrently with an increased availability of added sugars in the food
supply (Elliott et al., 2002). Food disappearance data, as an indicator of
trends in food consumption, have shown a 30% increase in the availability
of sugars in the United States from 1971 to 1997 (Elliott et al., 2002). Thus,
it has been suggested that increased consumption of sugars (Ludwig et al.,
2001) and the increased availability of HFCS (Bray et al., 2004) have contributed to excess energy intake and obesity.
However, the roles of both increased availability of sugars in the national
food supply and of HFCS as an independent contributor to the current
epidemic of obesity are uncertain for several reasons. First, although the
availability of sugars has increased over the last three decades, it has not
increased disproportionately to other components of the food supply.
Increases in per capita availability have been seen for most food commodi-
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ties (Harnack et al., 2000). For instance, US food supply data indicate an
increased per capita availability of poultry (84%), fats and oils (47%), dairy
products – speciﬁcally milks (423%) and yogurts (111%), fruit (28%), vegetables (72%) and even energy (15%) (Harnack et al., 2000). More recent
data show that sugar availability has decreased from 151.3 lb (68.7 kg)/
capita/year in 1999 to 141.0 lb (64 kg) in 2004 (USDA, 2005) while per capita
energy content of the food supply continues to increase.
Secondly, disappearance data are reported as the amount of food available per capita for potential consumption rather than the amount of food
eaten. It is estimated that approximately 30% is wasted or spoiled rather
than eaten (Harnack et al., 2000). Thus, food disappearance data overestimate actual consumption and do not necessarily predict the food consumed
by individuals. Furthermore, an association observed between variables on
a group level does not necessarily represent an association that exists at an
individual level.
Dietary associations
Associations between the intake of sugars and rising rates of obesity have
been derived primarily from epidemiological studies (Colditz et al., 1990;
Giammattei et al., 2003). The epidemiological evidence for a relationship
between obesity and the consumption of sweeteners is inconsistent.
Associations detected by these surveys may be the result of differences in
the methods used to collect dietary information rather than a reﬂection of
actual food and nutrient intake. For example, self-reported dietary information used in epidemiological studies presents an opportunity for bias in the
results because of under-reporting of foods, especially among overweight
individuals.
Several studies have shown a positive association between sugars intake
and body weight (Colditz et al., 1990; Giammattei et al., 2003), but others
have found an inverse association (Bolton-Smith and Woodward, 1994; Hill
and Prentice, 1995). A cross-sectional study in middle-aged men and women
(n = 11 626) found a negative association between the prevalence of overweight and obesity and the consumption of sugars (Bolton-Smith and
Woodward, 1994). Similarly, a survey of youths aged 10–16 years from 34
countries in 2001–2002 found that the frequency of consumption of sweet
foods and beverages was lower in overweight youths than in normal-weight
youths; in addition, overweight status was not associated with the intake of
soft drinks (Janssen et al., 2005).
Replacement of sucrose with HFCS
The United States per capita sugars disappearance data for sugars show
that sucrose has declined from 80% of total caloric sweeteners available
in 1970 to 40% in 1997; in contrast, HFCS has increased from constituting
nearly 0% of total caloric sweeteners in 1970 to a level of 40% in 1997
(Elliott et al., 2002). As a result of these changes in the food supply, total
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fructose availability (from both sucrose and HFCS) has increased, by 26%
(from 64 g/day in 1970 to 81 g/day in 1997). Based on the composition of
HFCS, it is unlikely that the ratio of fructose and glucose consumed from
sugars has increased over the past two decades (Elliott et al., 2002).
HFCS has replaced sucrose in food and beverage applications over the
last 30 years in the United States for two main reasons. First, HFCS is the
preferred sweetener of many food and beverage manufacturers because of
its characteristics, including higher stability and better crystallization control
compared with sucrose. In addition, the sweetness of HFCS is set at 120
compared with 100 for sucrose; therefore, less HFCS is required in some
food and beverage applications to achieve the same sweetness as sugar.
Furthermore, in many countries HFCS has a price advantage over sucrose
(Vuilleumier, 1993). In the United States, the price of HFCS has been well
below the price of raw sugar and, since 1985, the use of sucrose in foods,
especially in soft drinks, has been reduced by 50% and it has been replaced
by HFCS (Putnam and Allshouse, 1999).
Because HFCS has replaced sucrose in many foods and beverages, it has
been hypothesized that HFCS has led to the current increased prevalence
of obesity (Bray et al., 2004). The rationale for this hypothesis is also based
on the metabolism of fructose. Fructose, compared with a similar amount
of glucose or sucrose, induces a smaller postprandial blood glucose response,
and consequently lower concentrations of the two mediating satiety hormones: insulin and leptin (Crapo et al., 1980; Horowitz et al., 1996; Lee and
Wolever, 1998). Moreover, in contrast to glucose, fructose enters muscle and
other cells via a GLUT-5 transporter that is not insulin dependent. Without
this transporter in pancreatic β cells and in the brain, fructose entry into
these tissues is limited. Since fructose is not transported into the brain, it is
suggested that fructose can not provide ‘satiety’ signals to the brain (Bray
et al., 2004). In addition, fructose can rapidly enter glycerol pathways
to substitute for fatty acid synthesis in the liver. Therefore, when large
quantities of fructose are consumed, it can promote lipogenesis (Elliott
et al., 2002).
Two reports provide support for the hypothesis that a high-fructose diet
results in involuntary increases in energy intake, lipogenesis and storage.
A 2-day consumption of a diet containing 30% of daily total energy as
fructose from beverages resulted in lowered 24-h plasma insulin and
leptin concentrations and increased fasting and postprandial triglycerides
when compared with a diet containing 30% of energy from glucose
beverages in 12 healthy women (Teff et al., 2004). The high-fructose diet
provided 17% of energy as fructose, and the high-glucose diet was nearly
devoid of fructose. Because insulin and leptin act as key signals to the
central nervous system for the long-term regulation of energy balance,
decreased circulating insulin due to excess fructose consumption, may lead
to increased caloric intake and ultimately contribute to weight gain and
obesity (Teff et al., 2004).
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In another longer-term study, 24 healthy adults consumed two isoenergetic
diets with additions of either fructose or glucose. In the fructose diet, 17% of
total energy was contributed by fructose whereas in the glucose diet only 3%
of total energy was contributed by fructose. After 6 weeks, decreased glucose
and insulin concentrations – as well as increased fasting, postprandial and
daylong plasma triacyglycerol concentrations – were reported after the fructose diet for the 12 men, but not for the women (Bantle et al., 2000).
While the results of both of these studies are consistent with the metabolic action of fructose, the diets were formulated to have concentrations
of fructose well above those consumed in a typical human diet. The average
dietary energy intake in the United States provides only 9% of calories
from fructose (Gibney et al., 1995). Furthermore, blood glucose and insulin
responses after 400 kcal meals containing 35 g of sugars were similar when
sucrose and HFCS meals were provided, but were signiﬁcantly higher for
fructose meals (Akgun and Ertel, 1985). Thus, studies of the effects of fructose in high amounts and in isolation are unlikely to cast much light on the
proposed effects of replacing sucrose with HFCS.
Because there are no published studies investigating the effect of different types of HFCS, not as part of the food, compared with sucrose in the
literature, well-designed studies are required to compare the effect of HFCS
(55% and 42%) with other sugars. More importantly, although the prevalence of obesity has continually increased, the availability of HFCS in the
US food supply has not changed from 1997 (60.4 lb (27.5 kg)/capita/year) to
2004 (59.2 lb (26.9 kg)/capita/year) (USDA, 2005).
Sugars and short-term food intake
It has been proposed that energy from sugars and sugars-sweetened drinks,
due to the inability of physiological regulatory mechanisms to recognize
this form of calories, leads to increased total energy intake (Bray et al.,
2004), and the development of overweight and obesity especially in children
and young adults (Canty and Chan, 1991; Ludwig et al., 2001; Wylie-Rosett
et al., 2004).
A number of factors inﬂuence short-term food intake and satiety after
preloads of sugars: the form (liquid versus solid), energy density, taste and
palatability of the preload; the dose of sugars in the preload; the time interval between the preload and the subsequent meal; characteristics of the
subjects, e.g. body mass index (BMI), gender, activity level and the subject’s
knowledge about the treatments. However, if studies designed to test the
effect of sugars on satiety and short-term food intake consider the quantity
of sugars based on the time interval between the preload and the test meal,
they report remarkably precise compensation in the subsequent test meal
for the energy consumed in the sweetened preload (Anderson and Woodend,
2003a).
Experimental studies have consistently shown that sugars suppress shortterm food intake in children (Birch and Fisher, 1997; Birch et al., 1989) and
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in adults (Woodend and Anderson, 2001; Anderson et al., 2002; Anderson
and Woodend, 2003), and the magnitude of this effect is inversely related
to the glycemic response that the sugars elicit (Anderson et al., 2002;
Anderson and Woodend, 2003b).
Sucrose (sugar)
The effect of a sucrose solution on satiety and subsequent food intake
depends on both the dose and the time interval between the preload and
the test meal. The majority of the literature indicates that approximately
50 g sucrose in solution, the quantity in one and one-half soft drinks, consistently reduces food intake at 60 min in young adults (Anderson, 1995;
Anderson and Woodend, 2003a). However, in one study, 25 g sucrose in
300 ml also suppressed food intake (Woodend and Anderson, 2001). For
larger amounts of sucrose (135 g) in solution, 12 healthy males had a strong
feeling of fullness and reduced food intake after 3 h when compared with
water (Lavin et al., 2002a).
Timing of the test meal in relation to the dose of sugar in solution is an
important factor affecting the food intake outcome. This is illustrated by
the failure of 50–60 g sucrose to suppress food intake of 9- to 10-year-old
children when the meal was given 90 min later (Anderson et al., 1989).
Similarly, sucrose drinks (Rolls et al., 1990) or desserts (Rolls et al., 1988)
(150–200 kcal) given either shortly before or with lunch resulted in an
increased cumulative energy intake (energy from the preloads plus the test
meal energy) compared with the non-caloric sweetened drinks or desserts.
The results can be explained because the energy from the sucrose drink or
dessert may have been below the threshold needed to suppress food intake
or the time interval between treatment and test meal may have been insufﬁcient to enhance satiety.
Glucose
In young men, a preload of glucose as either 75 g (Anderson et al., 2002) or
50 g (Rogers et al., 1988) in drinks or 50 g in yogurt (Rogers and Blundell,
1989) reduced food intake 1 h later with almost full compensation for the
energy in the preloads. Similarly, 75 g glucose in solution signiﬁcantly suppressed food intake in young men; at a test meal given 120 min later, greater
compensation (about 60%) was seen compared with the amylose solution
(which had a caloric compensation of 15%) and the water control (Walters,
2002).
Fructose
Several studies have reported that fructose (when consumed alone in a
beverage) decreases short-term food intake and enhances satiety (Spitzer
and Rodin, 1987; Rodin, 1990). These studies indicated that consumption of
a drink with 50 g fructose suppressed energy intake to a greater extent than
glucose at test meals given 38 min (Rodin, 1990) to 2.25 h later (Spitzer and
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Rodin, 1987; Rodin et al., 1988; Rodin, 1991). These results are not consistent
with known mechanisms of satiety because glucose results in much higher
blood concentrations of both insulin and glucose, known satiety signals (Lee
and Wolever, 1998). It is more likely that the reduced food intake can be
accounted for by absorption characteristics and gastrointestinal effects of
fructose.
The rate of absorption of fructose from the small intestine is slower than
that of glucose. This is partly due to the differences in the absorption process
between the two monosaccharides. Glucose is absorbed by an active sodium
glucose co-transporter protein, GLUT-1 and GLUT-2 insulin-dependent
transporters, from the intestine. Fructose is absorbed at a slower rate from
the lower part of duodenum and jejunum by the brush-border membrane
transporter 5, GLUT-5, which is insulin independent (Riby et al., 1993). The
capacity for fructose absorption in humans is not clear (Holdsworth and
Dawson, 1965). Early studies suggest that fructose absorption is quite efﬁcient, although it is less efﬁcient than glucose or sucrose (Riby et al., 1993).
Thus, the prolonged contact time with receptors in the luminal intestinal
wall would be expected to result in the stimulation of satiety signals and
release of hormones from enteroendocrine cells (Read et al., 1994) (Lavin
et al., 1998). However, when fructose is consumed as the sole carbohydrate
source, it is incompletely absorbed and, as a result, produces a hyperosmolar
environment in the large intestine (Ravich et al., 1983). A high concentration of solute within the gut lumen draws ﬂuid into the intestine which can
produce feelings of malaise, stomach ache or diarrhea (Ravich et al., 1983),
resulting in decreased food intake.
Addition of glucose or starch to the oral dose of fructose reduces the
frequency and severity of gastrointestinal symptoms, because it facilitates
a more rapid and complete absorption of fructose (Riby et al., 1993). When
taken with a glucose source there is no advantage of fructose over glucose
on food intake suppression. Equicaloric cereal preloads containing additions of fructose (30 g) or glucose (33.5 g) equally reduced energy intake in
meals taken either 30 or 120 min later (Stewart et al., 1997). Similarly, no
differences in food intake were observed between 50 g fructose and 50 g
glucose at 2.25 h when preloads were given in a mixed-nutrient meal containing starch (Rodin, 1991).
High-fructose corn syrup (HFCS)
Currently, there are no published studies in the peer-reviewed literature in
which HFCS has been compared with sucrose for its effects on short-term
food intake. However in a preliminary report, HFCS (55% fructose) and
sucrose solutions resulted in similar blood glucose, insulin responses, subjective appetite and food intake 80 min later (Akhavan, 2006).
Although it is clear that sugars in solutions suppress food intake, compensation for the calories is highly variable dependent on the study designs.
Birch et al. (1989) reported accurate caloric compensation (on average
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120%) in 24 young children (aged 2–5 years) during test meals given at 0,
30 or 60 min after a sucrose drink (90 kcal). Similarly in adults, average
compensation at a test meal 1 h later for the energy in three preloads of 25,
50 and 75 g sucrose was 70% compared with a sweet control (sucralose)
(Woodend and Anderson, 2001). While compensation is not precise, it is no
less variable than that observed after other carbohydrate sources (Anderson
et al., 2002). However the source of the variability remains to be explored
but may merit further examination to help identify those most at risk of
poor caloric compensation for previously ingested food and beverages
(Cecil et al., 2005).
Sweetened beverage consumption, food intake and obesity
Associations between increased intake of sugars-sweetened beverages,
more speciﬁcally soft drinks, and the increased prevalence of obesity have
been found in several epidemiological prospective and interventional
studies in both children and adults. However the focus on regular soft drinks
as a major contributor to obesity over the past 20 years seems to be based
on an overestimate of their role. Because of the strong association between
childhood and adult obesity and the rapidly rising prevalence of obesity
among children, there have been several reports in the past decade of
studies focused on children but it is difﬁcult to derive from these studies a
straightforward conclusion of cause and effect.
Sweetened beverage consumption has increased among children and
adolescents in the United States over the last two decades (Harnack et al.,
1999; Ludwig et al., 2001). Data from the US Department of Agriculture
(USDA) also indicate that 56–85% of children consume at least one
soft drink daily at school (Gleason and Suitor, 2001) and 20% of this
group consume four or more servings daily (12 oz, 375 ml). On average,
each caloric soft drink contains 40 g of sugars (150 kcal per serving)
(AAPC, 2004).
An analysis of data collected as part of the 1994 Continuing Survey of
Food Intakes by Individuals, for 1810 children aged 2–18 years in the United
States found that school children who did not consume soft drinks had a
mean energy intake of 1830 kcal/day compared with 2018 kcal/day for school
children who consumed an average of 9 oz (280 ml) or more of soft drinks
per day (Harnack et al., 1999). This comparison suggests that children who
drink one regular carbonated drink a day have an average of 10% more
total energy intake than non-consumers but the energy differences were
not reﬂected in body weights (Harnack et al., 1999). A prospective study on
548 school children over a 19-month period reported a positive association
between the consumption of caloric-sweetened beverages and obesity
(Ludwig et al., 2001). As acknowledged by the authors, this was an observational study and, again, cause and effect could not be determined (Ludwig
et al., 2001). In addition, while this was a 19-month study, dietary intake was
obtained only at two points, once at baseline and once at the end, and con-
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sisted of a self-reported youth food-frequency questionnaire. Similarly,
higher consumption of sweetened drinks [>12 oz (375 ml)/day] for a period
of 4–8 weeks by 30 children aged 6–13 years resulted in no detectable difference in weight gain compared with children who consumed <12 oz
(375 ml)/day despite the higher total energy intake (Mrdjenovic and
Levitsky, 2003).
In a cluster randomized controlled trial of 1 year duration on 644
children, aged 7–11 years, the percentage of overweight and obese children
decreased in the intervention group who decreased their consumption of
carbonated drinks by 0.6 glasses (average glass size 250 ml) compared with
the control group who increased their consumption by 0.2 glasses (James
et al., 2004). However, the change in BMI did not differ between the two
groups. The design of this study had several limitations, some of which were
acknowledged by the authors, for example, the use of only 3-day drink
diaries at baseline and at the end of the trial, and the low return rate of
drink diaries at both time points. In addition, the most important bias
ignored by the authors is that the four educational sessions were assigned
only to the intervention group in order to inform them about healthier
lifestyles and to promote the drinking of water. Therefore, it is not clear
whether the decreased percentage of overweight children in the intervention group was mediated by lower consumption of sugars-sweetened beverages or by modiﬁcations to other aspects of the diet and activity levels.
In another intervention study, 103 adolescents, between ages of 13 to
18 years, who regularly consumed sugars-sweetened beverages, were
divided into intervention and control groups and the beverages were delivered to the participant’s home (Ebbeling et al., 2006). Sugar-sweetened
beverage consumption was completely displaced by non-caloric beverage
consumption in the intervention group and was unchanged in the control
group for 25 weeks. Decreased consumption of caloric-sweetened drinks
was expected to reduce body weights, but BMI changes in the two groups
were not signiﬁcantly different. Nonetheless, some children with a high
BMI at baseline reduced body weight on this intervention, raising the
possibility that an intervention to decrease sugar-sweetened beverage
consumption and BMI among adolescents who are obese would assist in
reducing energy intake. However, this study does not explain the etiology
of their obesity.
Associations between sugars-sweetened beverages and body weight
have also been observed in adults. A 4-year prospective cohort analysis of
51 603 women suggests an association between soft drinks and weight gain
(Schulze et al., 2004). Women who increased their soft drink consumption
from one or fewer drinks per week to one or more drinks per day had a
higher weight gain compared with those who had stable consumption patterns (Schulze et al., 2004). However, it is important to note that women
who maintained a high level of sweetened soft drink intake over time had
changes in body weight and BMI that were similar to those who maintained
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either a low intake or substantially reduced their intake. Additionally,
women with higher intakes of soft drinks tended to engage in less physical
activity, smoke more and have higher total energy intake. Thus there were
major lifestyle differences between the two groups of women, differences
that may have been much greater determinants of their obesity than their
soft-drink intake.
Caloric beverages and obesity
From the above, it is clear that soft drinks have been implicated in the etiology of obesity. Regular soft drink availability has increased by only 20%
from 31 gal in 1985 to 36.5 gal/capita/year in 2004, and this availability
decreased from 39.7 in 1999 to 36.5 gal/capita/year in 2004 (USDA, 2005).
However, the relationship between intake of other caloric beverages and
the increased prevalence of obesity is unclear. The question of whether
sugar-sweetened beverages are a unique source of excessive energy intake
needs to be answered. The data available suggest that there is little difference among beverages and that all can contribute to excess energy
intakes.
Longitudinal changes have recently been reported in the consumption
of six types of beverages (milk, diet and regular soda, fruit juice, fruitﬂavored drinks and coffee/tea) and their relationship with BMI based on
3-day food diaries from 2371 girls aged 9–10 years (Striegel-Moore et al.,
2006). Consumption of milk decreased, while consumption of soda increased
over the 10 years of the study. However, all types of beverages contributed
to increased caloric intake. Although the only statistical association found
with increased BMI was with soda consumption, this would be expected
because soda was overwhelmingly the most frequently consumed beverage.
The association between BMI and total caloric beverage consumption or
caloric beverages excluding soft drinks was not reported.
The time of consumption of beverages in relation to a meal may be a
greater determinant of their effect on excess energy intake than their composition. Orange juice, regular cola, low-fat milk (1%) and sparkling water
(control) resulted in similar food intakes in 2 h 15 min later in 32 adult volunteers. All three caloric beverages were isocaloric (1036 kJ, 248 kcal) and
equally reduced hunger ratings and desire to eat and increased fullness
ratings, compared with sparkling water (Almiron-Roig and Drewnowski,
2003). The similar effect of beverages on food intake is not surprising
because of the time interval between the preload and the lunch meal. When
the time interval between the cola preload (1254 kJ, 300 kcal, 300 ml) and
the test meal was reduced to 20 min, food intake was suppressed more than
when the food intake was measured at 2 h (Almiron-Roig et al., 2004). When
equicaloric amounts of orange juice, regular cola and 1%-fat milk beverages
(360 ml) were consumed at mealtime, they had no effect on food intake and
consequently resulted in higher energy intake at the test meal compared
with water or diet coke consumption (Della Valle et al., 2005).
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Further investigation is needed to explain why caloric beverages consumed shortly before the test meal suppress food intake, while caloric beverages consumed at the test meal fail to do so. It seems that intake of caloric
beverages at the test meal is too late to stimulate satiety and food intake
regulatory mechanisms to suppress energy intake, but this may be because
the beverages satisfy thirst. Cola, orange juice and milk satisﬁed thirst
equally well (Almiron-Roig and Drewnowski, 2003). Possibly thirst leads
to greater energy intake in these circumstances, and overrides the ability of
food intake control mechanisms to respond in the short term. The interaction between thirst and hunger in determining excess energy intake requires
investigation.
Sugars: liquid versus solids and food intake
Energy compensation at a test meal following a liquid preload has been
proposed to be less than after a solid preload (Matthes, 1996; DiMeglio and
Mattes, 2000; Bray et al., 2004). In contrast a more recent review came to
the conclusion that the evidence for solid foods being more likely to suppress food intake compared with liquids is inconsistent and the time interval
between the beverage preload and test meal is crucial (Almiron-Roig et al.,
2003). However, only one study reported in the two reviews (Matthes 1996;
Almiron-Roig et al., 2003) addressed the question of differences in the
effects of solid versus liquid sugars on satiety and food intake.
Two studies have been interpreted to show that sugars-containing beverages lead to higher cumulative energy intake than when the sugars are
consumed in solid form (DiMeglio and Mattes, 2000; Lavin et al., 2002b).
In the ﬁrst study, the effect of added sugars (450 kcal/day) in a liquid (soda)
or solid form (jellybeans) was examined over two separate 4-week periods.
Soda preload consumption increased energy intake, consequently resulting
in higher body weight gain and BMI compared with the solid form. Energy
compensation at a subsequent test meal was quite precise when the preload
was given as solid food (jellybeans), but not when given as a liquid (soda)
(DiMeglio and Mattes, 2000). However, the energy densities of the two
treatments were different; the liquid treatment (soda) had lower energy
density than the jellybeans. In addition, the pattern of consumption of the
preloads was different in this study. Subjects were free to consume the
treatments whenever they wanted. Because the jellybeans were predominantly consumed between meals as a snack, while the sodas were mostly
consumed with meals, the time of consumption rather than the form of the
sugar may have been a greater determinant of the outcomes. Logically, the
time of consumption should have been controlled. In addition, one might
expect better adherence to consumption of the liquid compared with the
solid form.
The second study demonstrated a signiﬁcant reduction in subsequent
food intake (3 h later) after consumption of sucrose-containing pastilles
(solid food) compared with an isocaloric (251 kJ, 60 kcal) sucrose-containing
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drink (liquid) or water in ten male and ten female subjects (Lavin et al.,
2002b). Subjects consumed the pastilles over a 10-min period, but they
consumed the sweetened drink or water within 2 min. The authors attribute
the greater reduction in food intake following the solid food to the impact
of chewing. The liquid sucrose could decrease pancreatic exocrine and
endocrine responses, and promote a faster rate of gastric emptying and
intestinal absorption, actions that are predicted to provide a more transient
satiety signal (Lavin et al., 2002b). It is possible, however, that if the sucrosecontaining drink was consumed slowly over the same time as the pastilles,
food intake 3 h later would have been the same. In addition, it is a puzzle
how such a small energy intake of 251 kJ (60 kcal) would lead to food intake
suppression 3 h later. This intake is below the threshold doses found to suppress short-term food intake.
A recent well-designed experiment provided isocaloric preloads
(300 kcal) of either regular cola or fat-free raspberry cookies on two occasions to 32 adult volunteers and their food intake was measured either
20 min or 2 h after preloads. The satiety and food intake responses were
similar between preload forms, although food intake was suppressed more
at 20 min than at 2 h (Almiron-Roig et al., 2004).
However, further research is required to conﬁrm whether there is a difference in the effect of liquid versus solid sources of energy on subsequent
food intake. It is premature to conclude that solid forms of sugars compared
with liquid forms have a more favorable effect on the regulation of energy
intake and food intake and energy balance.
5.3.2 Alternative sweeteners (non-nutritive sweeteners)
Although the role of alternative sweeteners as substitutes for caloric sweeteners in the prevention and management of obesity has been under examination for many years, uncertainty remains about their beneﬁts.
Availability of alternative sweeteners
Due to the growing interest in non-caloric and caloric-reduced beverages
and foods, consumption of alternative sweeteners has increased worldwide
(WHO, 1998). Currently in the United States, 79% of adults consume lowcalorie and sugar-free beverages and foods and two-thirds of the US population consume such products more than twice a week (NCS, 2000). This
demand for alternative sweeteners is derived from an assumption that
replacement of sugars with alternative sweeteners prevents weight gain.
Alternative sweeteners and obesity
As with caloric sweeteners and the purported association with obesity, it is
difﬁcult to discern a speciﬁc role for high-intensity sweeteners in managing
weight gain or assisting in weight loss. Interpretation of associative data
based on disappearance data or on epidemiological surveys is particularly
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difﬁcult because body weight reﬂects the habitual diet whereas most surveys
provide only a snapshot of present intake. Thus, it is not clear if the association of greater usage of high-intensity sweeteners by individuals of high
body fatness is because they have changed their dietary habits and are
trying to reduce energy intake or because they have accumulated excess
energy from other sources even though they habitually consume highintensity sweeteners.
Based on food disappearance data, it is clear that an increase in the
availability of diet beverages and bottled water has occurred concurrently
with the increased prevalence of obesity (USDA, 2005). Diet beverages and
bottled water availability have increased from 14 to 39 gal/capita/year
between 1984 and 2004. In that time, diet carbonated soft drink availability
increased almost two-fold to make up 30% of all soft drinks consumed in
the United States. Bottle water availability has increased ﬁve-fold over the
same time. The availability of these beverages now exceeds the availability
of caloric soft drinks (36.5 gal/capita/year). The availability of caloric soft
drinks has increased by 20% over the same time, milk decreased by 20%
from 26.4 to 21.2 gal/capita/year and fruit juices remained fairly consistent
at between 8 and 9 gal/capita/year. It would appear that increased availability and consumption of alternatives to sugars-sweetened beverages has
done little to solve the obesity epidemic.
Consumption of alternative sweeteners has been associated with both
higher body weights (Colditz et al., 1990; Giammattei et al., 2003) and lower
body weights (Serra-Majem et al., 1996). An 8-year cohort study in nonsmoking women (n = 31 940), aged 30–55 years, found a positive correlation
between saccharine consumption and weight gain. However, as acknowledged by the authors, the strongest correlation with weight change was with
age, while dietary intakes were only weakly related. (Colditz et al., 1990).
In contrast, a survey in Spain of 2450 individuals aged 6–75 years found a
negative association between non-caloric sweetener (cyclamate) consumption and BMI (Serra-Majem et al., 1996).
Long-term intervention studies are the preferred design for determining
the role of sugars and alternative sweeteners in weight loss and maintenance. However, only a few comparisons have been in the absence of concurrent energy restriction (Blundell and Hill, 1986; Rolls et al., 1990; Canty
and Chan, 1991; Black et al., 1993; Lavin et al., 1997). In an early study by
Tordoff and colleagues (Tordoff and Alleva, 1990), the diets of 9 women
and 21 men were supplemented daily with 1150 g sodas sweetened with
aspartame for 3 weeks followed by another 3 weeks with HFCS sodas.
Aspartame-sweetened drinks reduced energy intake in both men and
women resulting in decreased body weight for men compared with when
no soda was consumed. In contrast, HFCS-sweetened soda increased energy
intake and body weight in both sexes, although in men the decrease was
about one-half that in the women. Sugar intake from the diet was reduced
by about 200 kcal/day after consumption of both soda treatments. However,
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in this study, subjects were required to consume much larger amounts of
the beverages compared with their usual diets. It remains unclear, therefore,
if simple substitution of diet soft drinks for caloric soft drinks in their usual
diet would have had any impact.
In one randomized control trial, two parallel groups of overweight adults
consumed either a sucrose-sweetened beverage (2 g sucrose/kg body
weight), or a high-intensity sweetened beverage (10 g sucrose/kg body
weight daily) mostly as beverages in an ad libitum diet for 10 weeks (Raben
et al., 2002).
The artiﬁcial-sweeteners beverages contained 54% aspartame, 22% acesulfame K, 23% cyclamate and 1% saccharine. On average, subjects received
815 and 240 kcal/day from supplemented-sucrose and artiﬁcially sweetened
diets, respectively. After 10 weeks, body weight gain was greater after the
sucrose beverage by 1.6 kg (about 50% of that expected), whereas, the other
group lost 1.0 kg. These results indicate that artiﬁcial sweeteners have the
potential to reduce energy intake and promote weight loss compared with
sugars (Raben et al., 2002). Nevertheless, the calories from the sucrose
drinks were also compensated for at subsequent test meals by 56%. Based
on the solutions’ extra calories, if subjects had not compensated for the
solution’s calories, 7.4 and 2.2 kg weight gain would have been expected
after the sucrose and artiﬁcially sweetened diets, respectively (Raben
et al., 2002).
The reduced energy intake associated with the consumption of the
artiﬁcial-sweetener diets led to a change in the distribution of the macronutrient contribution to the energy intake of the diets as predicted earlier
by Beaton et al. (1992). Individuals in the artiﬁcially sweetened diet group
reduced the proportion of carbohydrate and consumed higher proportions
of fat and protein whereas individuals in the sucrose-supplemented group
maintained their carbohydrate consumption. Therefore, the difference in
energy intake and weight loss in these two groups may also be explained
by the higher percentage of fat and protein in the diets of those who consumed artiﬁcially sweetened drinks because proteins suppress short-term
energy intake more than carbohydrate (Anderson and Moore, 2004).
Alternative sweeteners and short-term food intake
High-intensity sweeteners
Although it seems reasonable to expect that a reduction in energy intake
would occur if caloric beverages were replaced by non-caloric beverages in
the diet, this expected beneﬁt was hypothesized to be contradicted if the
beverage was sweetened. In the 1980s it was proposed that high-intensity
beverages stimulate appetite and increase subsequent food intake (Rogers
et al., 1988) through their cephalic-phase (Blundell and Hill, 1986) and
postingestive effects (Rolls et al., 1990; Anderson, 1995). The initial hypothesis by Blundell and Hill (1986) suggested that sweetness consumption is
often linked with calorie intake and when non-caloric sweeteners are
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consumed they induce metabolic responses that prepare the body for an
inﬂow of calories. When this expectation is not met, these anticipatory
changes lead to increased appetite (Blundell and Hill, 1986). While appealing, this hypothesis has not been supported by short-term studies of the
effect of consuming a high-intensity sweetened beverage at a deﬁned time
before a meal (Black et al., 1991; Canty and Chan, 1991; Black and Anderson,
1994; Lavin et al., 1997).
Several studies have shown that sweet taste without calories contributes
to the reduction of hunger and increased feeling of fullness (Birch et al.,
1989; Rodin, 1990; Black et al., 1993; Lavin and Read, 1995; Anderson et al.,
2002). In a study involving 44 children aged 2–5 years, an aspartamesweetened beverage produced a signiﬁcant suppression of food intake
30 min later in comparison with an isovolumetric water control (150 ml), but
not compared with the sugar-sweetened drink (200 kcal) (Birch et al., 1989).
After consumption of non-caloric sweetened beverages (either aspartame
or saccharin), adult subjects responded with reduced hunger ratings intermediate between those after a 20 g sucrose solution and those after a water
control (Canty and Chan, 1991). Similarly, in healthy men, a 560-ml soft
drink sweetened with aspartame signiﬁcantly reduced subjective hunger for
the ﬁrst half hour after consumption compared with smaller volumes of
the same drinks (Black et al., 1991). Because food intake was measured
at 1 h and was not affected by the drink, it remains possible that
earlier measurement of food intake, for example at 30 min, would have
demonstrated treatment effects. In adults a sucralose-sweetened drink also
resulted in lower, although not statistically signiﬁcant, food intake 1 h later
compared with a water control in 15 healthy young men (Woodend and
Anderson, 2001).
Overall, short-term study comparisons of the effect of high-intensity
sweetened beverages compared with sugars-sweetened beverages on energy
balance would support an advantage of energy-free beverages. The most
obvious effect of consuming water or a high-intensity sweetened beverage
on food intake at a subsequent meal can be seen in the cumulative energy
intakes. Cumulative intake is the sum of the energy from the pre-meal
beverage and the test meal that follows and is most often less after consuming a calorie-free beverage than after consuming a calorie-containing beverage (Woodend and Anderson, 2001; Akhavan, 2006). This is to be expected
because, as noted earlier, compensation at the test meal for previously
consumed calories is not precise and tends to underestimate the compensation required.
Sugar alcohols
As a result of negative perceptions surrounding sugars and the recent
demand for low-carbohydrate foods created by the Atkins diet (Atkins,
1998; Liu et al., 2000; Daniels, 2003), interest in the use of sugar alcohols as
alternative sweeteners has increased. Previous studies on sugar alcohols
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showed that ingestion of 25 g lactitol or xylitol caused smaller changes in
plasma glucose, insulin and C-peptide concentrations, and a lower thermogenic response, than ingestion of 25 g glucose, with no difference between
the two polyols (Natah et al., 1997). Although short-term energy intake was
not assessed in this study, the authors suggested that the small change in
blood glucose after sugar alcohols may be beneﬁcial for overweight and
diabetic patients (Natah et al., 1997). However, the relationship between
the glycemic index of food and weight loss has not been established (ADA,
2004), nor has it been shown that sugar alcohols have an advantage over
sugars in a weight-loss diet.
However, in the short-term, sugar alcohols may have some advantage. In
a recent clinical study, the effects of sugar alcohols and sugar (sucrose) on
appetite and short-term food intake were compared in 15 lean subjects.
The effects of 200 g yogurt sweetened with one of 25 g sucrose, 25 g
xylitol, 25 g polydextrose or 12.5 xylitol + 12.5 polydextrose were assessed
by measuring food intake at an ad libitum lunch and also subjective appetite. Sugar-alcohol-sweetened yogurts induced a stronger satiating effect
and lower cumulative energy intake (energy content of the yogurt preloads
plus lunch intake) compared with the sucrose-sweetened yogurt (King
et al., 2005).
In summary, several studies suggest that alternative sweeteners reduce
cumulative energy intake in short-term controlled experiments. However,
the long-term beneﬁts remain uncertain for several reasons. First, the
replacement of sugars with alternative sweeteners alters the macronutrient
distribution (dietary intake patterns) of the habitual diet by increasing fat
and protein intakes (Beaton et al., 1992). Secondly, solid foods containing
artiﬁcial sweeteners are not necessarily energy reduced. Most sugar-alcoholsweetened foods are energy dense and have a higher percentage of fat
compared with sugars-sweetened foods (ADA, 2004). Thirdly, it is not clear
what the motivation is for those who use artiﬁcially sweetened foods and
how that affects their food choices and energy intakes. Therefore in the long
term, increased use of alternative sweeteners in foods may result in greater
energy intake (Wolever et al., 2002) and promote weight gain (Lissner
et al., 1987; Saris et al., 2000).

5.4

Conclusion

As discussed in this chapter, the results of epidemiological intervention
studies and short-term clinical studies on sugars and alternative sweeteners
are insufﬁcient to identify the role of these sweeteners as independent
factors in the etiology of obesity. Associations found in food availability
data and epidemiological studies between consumption of sweeteners and
obesity perhaps indicate an overall lifestyle with a food supply that simply
provides too much of a good thing (Jenkins et al., 2004). A combination of
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increased energy intake from all sources and decreased physical activity is
the most likely explanation for the current increase in obesity.

5.5

Implications and recommendations

It seems unlikely that any approach other than expensive, long-term randomized clinical trials will contribute further to the identiﬁcation of the
speciﬁc role for sweeteners in the management of body weight and the
prevention of obesity. Even so, the difﬁculty of designing double-blind
experiments involving food and beverages is an obvious limitation. Thus, it
is virtually impossible to formulate an ideal design that does not result in
behavior change in the participating subjects.
Therefore, a more promising but difﬁcult approach to terminating the
current rise in overweight and obesity may involve multi-sector cooperation
of government, academia and industry – to design comprehensive overweight prevention programs (Koplan et al., 2004; Anon., 2006). These programs need to collaborate in several ways including: educating healthy
eating approaches for parents and children; producing healthy foods and
beverages; developing an evidence-based approach to dietary guidance and
policy formulation. A public health approach that has a singular focus on
sugars and sugars-sweetened beverages is unlikely to provide a solution
(Dietz, 2006).

5.6

Future trends

Although cause and effect for the role of sweeteners in the etiology
of obesity has not been established, the perception that it has been is
becoming widespread among health professionals and the public. For this
reason it is likely that the consumption of traditional sugars-sweetened
beverages will decline. They will be replaced by reduced-energy or energyfree beverages, but also by energy-dense beverages based on sugars or
fat and sugars (e.g. specialty coffees) aimed at selected audiences. Clearly
more choices will be available but it remains to be seen how the consumer
will utilize these choices to maintain healthy body weights. Based on
the past, it can be predicted that the obesity epidemic has provided
the beverage industry with more product opportunities but health professionals will ﬁnd they have gained little ground from a public health
perspective.
On the other hand, speciﬁc answers on the role of sweeteners in determining dietary patterns and energy intake will emerge. Researchers will
put more effort into the conduct of randomized clinical trials. Clinical
studies will put an increasing emphasis on the impact of caloric and
non-caloric sweeteners on satiety and food intake regulatory mechanisms
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in an attempt to identify the role of environment versus physiology as
determinants of energy imbalances. The role of genetics, especially of taste,
as a determinant of the metabolic and behavioral responses to sweeteners
and in the determination of energy imbalances will be increasingly
emphasized.

5.7
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Part II
Ingredients from grains, fruits and
vegetables for weight control

6
b-Glucans
J.-A. Nazare, M. Laville, Centre de Recherche en Nutrition Humaine
Rhône Alpes, France, C. G. Biliaderis, A. Lazaridou, Aristotle University,
Thessaloniki, Greece, G. Önning, Lund University, Sweden,
M. Salmenkallio-Marttila, VTT, Finland and A. Triantafyllou, Ceba Foods,
Sweden

6.1

Introduction

Dietary guidance universally recommends diets with higher ﬁbre content
for health promotion and disease prevention. This goal is often difﬁcult to
achieve. That is why research has to be developed to ﬁnd sources of ﬁbre
that could easily be worked into a normal diet at levels that could allow
beneﬁcial effects.
An ofﬁcial deﬁnition of dietary ﬁbre was given by the American
Association of Cereal Chemists in 2001:
Dietary ﬁbre is the edible parts of plants or analogous carbohydrates that
are resistant to digestion and absorption in the human small intestine with
complete or partial fermentation in the large intestine. Dietary ﬁbres include
polysaccharides, oligosaccharides, lignin and associated plant substances.
Dietary ﬁbres promote beneﬁcial physiological effects including laxation
and/or blood cholesterol attenuation, and/or blood glucose attenuation.1
Fibres can be separated into two groups according to whether or not they
are soluble. β-Glucans are ﬁbres, they are highly viscous, soluble fermentable polysaccharides. They have been shown to have a positive effect on
lipid and carbohydrate metabolism, and could therefore be considered as
potentially useful ingredients for weight control.

6.2

Sources of b-glucans

Six types of β-glucans have been identiﬁed in the cell walls of green plants
and fungi. Cellulose is a (1 → 4)-β-glucan, a long linear glucose polymer,

132

Novel food ingredients for weight control

with low ﬂexibility and solubility. It is a ubiquitous component of the ﬁbrillar phase of cell walls while it is also found as an extracellular secretion in
certain bacteria.2
In cereals, cellulose microﬁbrils appear to be embedded in a matrix of
mixed-linkage (1 → 3, 1 → 4)-β-glucan in the walls of aleurone and starchy
endosperm cells. Oat (Avena sativa) and barley (Hordeum vulgare) both
contain large amounts of (1 → 3, 1 → 4)-β-glucan, the latter constituting
approximately 75% of the walls of their starchy endosperm cells. The βglucan found in oat and barley is a soluble ﬁbre that is easily fermented in
the intestine and that has a high nutritive value. In addition, the endosperm
cell walls of other monocots of the grass family Gramineae – such as wheat
(Triticum aestivum), rye (Secale cereale) and rice (Oryza sativa) – contain
small amounts of β-glucans.3,4
A range of ﬂuorescent dyes have been studied for their interaction with
endosperm cell walls showing that Calcoﬂuor and Congo red can be used
as sensitive and speciﬁc markers for the detection of β-glucan.5 Calcoﬂuor
binding reveals that the distribution of β-glucan in the kernels of barley is
generally even whereas the concentration of β-glucan is particularly high
in the subaleurone layer of the oat groat and this may contribute signiﬁcantly to the water-binding capacity of the bran and to its efﬁcacy as dietary
ﬁbre. Hence dry milling and air-sifting techniques have been exploited to
manufacture enriched fractions of oats.6,7 Enrichment methods have also
been employed for barley because the grain is to some extent morphologically differentiated.8,9 Plant breeding has developed oat and barley cultivars
with varying contents of β-glucan.10 Evaluation of groat characteristics and
groat composition in 35 genotypes from 9 taxonomic species of Avena has
revealed a variation in β-glucan from 2.2 to 11.3%.11
Barley has traditionally been seen as a food for human consumption. On
the other hand, oat has gained extra attention due to a large number of
clinical studies that identiﬁed oat β-glucan as the component responsible
for the signiﬁcant cholesterol-lowering properties attributed to oats, particularly the decrease of low-density lipoprotein (LDL) cholesterol.12 Oat
β-glucan hydrolysates are furthermore thought to possess a probiotic
effect.13 Higher plants not only contain signiﬁcant amounts of mixed linkage
(1 → 3, 1 → 4)-β-glucan but also (1 → 3)-β-glucan with a single monomer
and linkage type. Deposits of (1 → 3)-β-glucans, referred to as callose, occur
in the cell walls of plant tissues during their development and are found in
specialized cell walls in response to wounding, infection and physiological
stress.14 Certain bacteria secrete extracellularly a polymer of similar structure, namely curdlan.
Microbial β-glucan is a component of cell walls or is secreted by microorganisms in the growing medium, as in the case of lactic acid bacteria that
are living and growing on plants, often under harsh conditions, such as
Pediococcus damnosus.15 The glucose molecules in these polymers are generally connected with (1 → 3) linkages with varying proportions of (1 → 6)-
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linked β-glucosyl residues substituted at intervals along, or as branches of,
the (1 → 3) backbone.
Mushroom myco-polysaccharides such as β-glucan lentinan from shiitake Lentinus edodes are also comprised of a β-(1 → 3)-d-glucan backbone
with β-(1 → 6)-glucan side chains. The content of β-glucan is typically
around 0.3 g per 100 g of mushroom on a dry basis whereas its distribution
in the soluble fraction of total dietary ﬁbre ranges widely from 17 to 46%.
The soluble: insoluble ratio varies depending on the particular mushroom
whereas the content of soluble β-glucan is higher in cereals.16
Yeast β-d-glucan, also a polyglucose polysaccharide, derived from the
cell walls of baker’s yeast or Saccharomyces cerevisiae, consists of straightchain and branched polymers. The straight-chain structures are (1 → 3)β-d-linked glucose polymers and (1 → 6)-β-d-linked glucose polymers.
Similarly the homopolysaccharide of glucose produced by Botryosphaeria
rhodina (laminaran) consists of a (1 → 3)-β-d-linked backbone containing
varying degrees of (1 → 6)-β branches.17 Yeast β-glucan has been demonstrated to have non-speciﬁc immune-enhancing effects in in vitro and some
animal and human studies.18

6.3

b-Glucan structure and related properties

Mixed-linkage (1 → 3, 1 → 4) linear β-d-glucans (β-glucans) are major components of endosperm cell walls of commercially important cereals, such as
oat, barley, rye and wheat. β-Glucans from cereals are linear homopolysaccharides of d-glucopyranosyl residues (Glcp) linked via a mixture of
β-(1 → 3) and β-(1 → 4) linkages. The structure features the presence of
consecutive (1 → 4)-linked β-d-glucose in blocks (i.e. oligomeric cellulose
segments) that are separated by single (1 → 3) linkages. Although most of
the cellulose segments are trimers and tetramers, longer cellulosic oligosaccharides are also present in the polymeric chains.19–25 Cereal β-glucans
exhibit diversity with respect to their molecular/structural features, such as
molecular size, ratio of tri- to tetramers, amount of longer cellulosic oligomers and ratio of β-(1 → 4) : β-(1 → 3) linkages. These structural features
seem to be important determinants of their physical properties, such as
water solubility, viscosity, and gelation properties. The molecular size and
ﬁne structural features of β-glucans play an important role in the solubility
and chain conformation, or shape and, therefore, in their rheological properties in solution. The chemical features of cereal β-glucans are reﬂected in
their solubility in water and in their extended, ﬂexible chain conformation.19
The cellulose-like portions of cereal β-glucans might contribute to the stiffness of the molecules in solution.22 Furthermore, β-glucans containing
blocks of adjacent β-(1 → 4) linkages may exhibit a tendency for interchain
aggregation (and hence lower solubility) via strong hydrogen bonds along
the cellulose-like segments; the β-(1 → 3) linkages break up the regularity

134

Novel food ingredients for weight control

of the β-(1 → 4) linkage sequence, making it more soluble and ﬂexible.26
On the other hand, it has been shown that a higher content of cellotriosyl
units might impose some conformational regularity within the β-glucan
chain, and consequently a higher degree of organization of these polymers
in solution (i.e. lower solubility).27,28 Suggestions have been made that differences in the amount of cellotriosyl fragments, long cellulosic oligomers,
and the ratio of (1 → 4) : (1 → 3) linkages, might explain solubility differences among cereal β-glucans in accord with the two previous aggregation
mechanisms.21,29–31
Rheologically, solutions of cereal β-glucans fall into the category of viscoelastic ﬂuids behaving similarly to the well-characterized random-coil
polysaccharides; i.e. a Newtonian region can be observed at low shear rates
and a shear thinning ﬂow at high shear rates. However, the preparation of
β-glucan solutions, their storage time (i.e. waiting time before analysis) and
their thermal history have been proven to affect their rheological behaviour.32–37 Time-dependent rheological behaviour is revealed by thixotropic
loop experiments for cereal β-glucans with certain structural features,
implying the formation of intermolecular networks. Moreover, freshly prepared cereal β-glucan solutions exhibit typical random-coil ﬂow behaviour
and an increased storage time induces an unusual shear-thinning ﬂow
behaviour at low shear rates. This behaviour becomes more pronounced
with increasing storage time before the rheological testing. A strong timedependent behaviour has been observed for mixed-linked (1 → 3, 1 → 4)β-glucans with low molecular size and high amounts of cellotriose units
and/or long cellulose-like oligomers in the polymeric chain. In addition, the
departure from the usual ﬂow behaviour was noticed in shorter storage
periods for solutions with increasing concentration of β-glucans.34,35,37
As expected, an increased molecular weight induces an increase in the
viscosity and the shear-thinning properties of β-glucan dispersions at equivalent polysaccharide concentrations.34,35,37,38 In addition to solution viscosity
enhancement on storage, β-glucans have been shown to gel under certain
conditions.34–45 Two different gelation models have been proposed in the
literature for mixed-linkage (1 → 3, 1 → 4)-β-glucans. One model involves
the side-by-side interactions of cellulose-like segments of more than three
contiguous β-(1 → 4)-linked glucosyl units, whereas the other model
involves the association of chain segments with consecutive cellotriosyl
units linked by β-(1 → 3) bonds.39 Among cereal β-glucans of equivalent
molecular weight, the gelation time decreased and the gelation rate
increased in the order of oat, barley and wheat β-glucans – reﬂecting the
order of the molar ratio DP3/DP4 units.35,39,40,44 (NB, the enzyme lichenase,
a (1 → 3, 1 → 4)-β-d-glucan-4-glucanohydrolase, speciﬁcally cleaves the
(1 → 4)-glycosidic bond of the 3-substituted glucose residues in β-glucans,
yielding oligomers with different degrees of polymerization (DP). The
major products for the cereal β-glucans are 3-O-β-cellobiosyl-d-glucose
(DP3) and 3-O-β-cellotriosyl-d-glucose (DP4).) Further to the ﬁne struc-
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ture, the molecular size of the polymer seems to have a strong impact on
polysaccharide gelation ability. For samples with similar distribution of
cellulose-like fragments the gelation time decreases and the gelation rate
increases with decreasing molecular weight, possibly due to the higher
mobility of the shorter chains that enhances diffusion and lateral interchain
associations. 34,35,37–39,41,46,47 Although a slower gelation process is noted for
the high molecular size β-glucans, the gel network structure consists of
structural elements (microaggregates) with better organization and/or it
involves interchain associations over longer chain segments.34,35,37
Variations in the mechanical properties of cereal β-glucan gels have also
been revealed by large deformation compression tests. An increase in
strength and a decrease in brittleness of the β-glucan gels cured at
room temperature were found with increasing concentration, molecular
size and DP3/DP4 ratio of the polysaccharide, whereas cereal β-glucans
with high molecular size and low amounts of DP3 units promoted the formation of strong cryogels (formed under repeated freezing–thawing cycles)
when tested under large deformation protocols, a fact that was attributed
to differences in the nature of the network microstructure among
samples.34,35,37,42
Overall, the structure–physical property relations for cereal β-glucan
isolates have been largely explored. Structural features, such as distribution
of cellulosic oligomers, ratio of DP3/DP4 units and molecular size of the
polysaccharides were proven to be important determinants of their solubility, rheological behaviour in aqueous solution and gelation ability, as well
as of the thermal and mechanical properties of hydrogels obtained by interchain associations either at room temperature or via repeated freeze–thaw
cycles.

6.4

Effects of b-glucans on lipid metabolism

Cardiovascular diseases, such as myocardial infarction (MI), angina and
stroke, are major contributors to the global burden of disease. The diseases
are caused by the development of atherosclerosis in the blood vessels and
one factor that may inﬂuence the atherosclerotic process is the dietary ﬁbre
content in the diet. The intake of dietary ﬁbre and risk of coronary heart
disease were followed for 10 years among women in the Nurses’ Health
Study.48 In total, 68 782 women were included in the analysis and the ageadjusted relative risk for major cardiovascular events was 0.53 for women
in the highest quintile of total dietary ﬁbre intake (median 22.9 g/day) compared with women in the lowest quintile (median 11.5 g/day). Among different sources of dietary ﬁbre, only cereal ﬁbre was strongly associated with
a reduced risk of cardiovascular events. Male health professionals have
been followed in a similar study.49 Their food habits were assessed using a
131-item food frequency questionnaire. During 6 years of follow-up there

136

Novel food ingredients for weight control

were 511 non-fatal cases of MI and 229 coronary deaths. The age-adjusted
relative risk of MI for the top quintile of total dietary ﬁbre intake was 0.64
(median intake 28.9 g/day) compared with men in the lowest quintile
(median intake 12.4 g/day). Cereal ﬁbre was most strongly associated with
a reduced risk of MI compared with other ﬁbre sources like vegetables and
fruits. Thus, the same associations were found for male health professionals
as for female health professionals. In the study on female health professionals, an inverse relation between both soluble and insoluble ﬁbre and the
risk of cardiovascular diseases and MI was also found, but after multivariate
adjustments the associations were no longer signiﬁcant.50
More data on the effect of dietary ﬁbre on cardiovascular diseases have
been gained from intervention trials. Over 50 studies have investigated the
effect of β-glucans on blood cholesterol levels. Some investigators have also
addressed the task to make overall evaluations on the relation between oat
β-glucan intake and its cholesterol-lowering effects. A large meta-analysis
of oat products and their lowering effects on plasma cholesterol was made
by Ripsin et al.51 The included studies presented differences in study designs,
oat products, doses of oats and control products, and subjects with different
initial cholesterol levels, gender and age; the inﬂuence of these parameters
was assessed in the meta-analysis. To be included in the meta-analysis,
studies had to be controlled and randomized and the control product had
to have a low soluble ﬁbre content. Moreover, the trial should also have
included a dietary assessment and measurement of body weight. Twelve
trials were included in the calculation of the summary effect size.51 Most of
the trials used a parallel design and the length of the treatment phase varied
between 18 days and 12 weeks. The summary effect size for change in total
cholesterol was −0.13 mmol/l. The initial cholesterol level was highly predictive of the reduction in total cholesterol level while age and gender could
not predict the response to oats. The dose–response effect was also evaluated and, after dividing the material into intakes of <3 g and ≥3 g of soluble
ﬁbre, the interaction was statistically signiﬁcant. Mälkki52 also evaluated the
dose–response effect of oats. She identiﬁed 53 clinical trials, and 37 of them
showed signiﬁcant reductions in blood cholesterol levels after consumption
of oat products while in 10 studies no signiﬁcant effects were detected.
The dose–response effect was not very obvious. The Food and Drug
Administration (FDA) reviewed 37 oat trials and 17 studies showed a positive effect of oat bran and oat meal on total and LDL cholesterol.53 The
amount of oat bran or oat meal given in the studies ranged from 34 g (2.5 g
soluble ﬁbre) to 123 g (10.3 g soluble ﬁbre). Five studies showed equivocal
results in reducing serum cholesterol, 4 had too short a study period and 11
showed no effect on serum lipid levels. However, the overall conclusion was
that oats could lower serum cholesterol levels, speciﬁcally LDL cholesterol,
without any signiﬁcant change in the high-density lipoprotein (HDL) fraction. The FDA thus authorized a health claim stating: ‘Diets high in oat bran
or oat meal and low in saturated fat and cholesterol may reduce the risk of
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heart disease.’ To be able to use the health claim a product must contain at
least 0.75 g β-glucan soluble ﬁbre per serving and the recommended daily
intake is 3 g.53 It is known that the cholesterol-lowering effect is larger in
subjects with increased cholesterol levels. Ripsin et al.51 indicated that if the
initial cholesterol levels were over 5.9 mmol/l the reduction was larger. The
molecular weight of the β-glucans may also be of importance for the cholesterol-lowering effects. In one study an intake of 5.9 g β-glucan from oat
bran incorporated into bread and cookies did not have any signiﬁcant effect
on blood lipids while an intake of 5 g β-glucans mixed in orange juice signiﬁcantly lowered LDL cholesterol compared with a control group.54 The
molecular weight of the β-glucans was lower in the bread compared with
the mufﬁns and the preparation mixed with orange juice. However, the
molecular weight is probably not the only important factor for the cholesterol-reducing potential. In another trial an oat drink containing β-glucans
of rather low molecular weight (peak molecular weight 82 400) was compared with a control drink with low β-glucans content.55 The intake of oat
drink (3.8 g β-glucan/day) resulted in signiﬁcantly lower cholesterol (6%)
and LDL cholesterol (6%) levels compared with the control drink and, thus,
the oat drink had the expected quantitative cholesterol-lowering effects as
in products containing β-glucans with a higher molecular weight. One
explanation for the results could be that the β-glucans were in a soluble
form. Önning56 compared the method for administration of β-glucans in 17
human studies that included hyperlipidaemic subjects. The total cholesterol
level at the end of the intervention period in the control group was between
5.9 and 7.4 mmol/l. The change in total cholesterol in the oat group in comparison with the control group varied from 0 to −13% while the change in
LDL cholesterol varied from 0 to −16.5%. The studies with the largest
reductions incorporated the oats in crisps, hot cereals, mufﬁns and beverages while in the studies with small reductions the oats were given in cold
cereals and also in bread. Inclusion of the β-glucans in liquid foods and also
using some heat treatment seemed to increase the lipid-lowering effect
probably by increasing the solubility of the β-glucans. The fact that the solubility of the β-glucans varies a lot in foods was conﬁrmed in a study by Lia
Amundsen et al.57 Products like bread, teacakes, muesli, mufﬁns, macaroni,
pasta and apple drinks were supplemented with an oat bran concentrate
and the solubility of the β-glucans varied from 22% in pasta to 70% in the
apple drink. Thus, the solubility of the β-glucans in the products was rather
low (mean value of about 50%) but the daily dose of soluble β-glucans
consumed by hypercholesterolaemic subjects (2.7 g) was still high enough
to signiﬁcantly decrease blood cholesterol levels compared with a control
diet. The molecular weight and the solubility of the β-glucans used in human
studies have seldom been documented and this makes it difﬁcult to compare
results from different studies in relation to the doses used.
Several mechanisms have been proposed for the cholesterol-lowering
effects of β-glucans. The main hypothesis is that they decrease the intestinal
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uptake of bile acids. In subjects with ileostomy, intake of oat bran bread
lead to an increased excretion of chenodeoxycholic acid and total bile acids
in comparison with intake of wheat ﬂour bread.58 A recent study focused
on the effects of oat β-glucans incorporated into a drink on cholesterol
absorption (measurement of plant sterols) and cholesterol synthesis (analysis of lathosterol) in humans.59 Intake of 5 g β-glucan daily led to a signiﬁcant decrease in serum total and LDL cholesterol levels and, at the same
time, the concentration of lathosterol was increased and that of sitosterol
was decreased. This indicates that β-glucans reduce cholesterol absorption
in the intestine.
Furthermore, β-glucans are fermented in the colon and the short-chain
fatty acids produced may inﬂuence cholesterol metabolism in the liver.
However, only a few human studies exist on this subject and more studies
are needed to evaluate this effect. Soluble ﬁbre can also decrease gastric
emptying, prolong glucose absorption and increase insulin sensitivity. These
changes can also have an effect on lipid metabolism in the liver. In animals
the main outcome of the action of ﬁbre is a lowering of hepatic cholesterol
pools as a result of more cholesterol being diverted to bile acid synthesis
and lower cholesterol delivery to the liver through chylomicron
remnants.60

6.5

Effects of b-glucans on energy and
carbohydrate metabolism

β-Glucan has been suspected of inﬂuencing glucose metabolism by modulation of glycaemia or insulin response to a meal. It works by slowing the rate
of nutrient absorption leading to a smaller increase in glycaemia and insulinaemia whenever nutrients are ingested concomitantly with β-glucans as
opposed to without β-glucans.61 A study by Battilana et al.62 performed in
healthy subjects was designed to observe the action of β-glucans on postprandial metabolism independently of a delayed absorption effect. The
absence of any relevant effect in this case led the authors to conclude that
the action of β-glucans after a single meal was mainly due to their delaying
the rate of carbohydrate absorption. In addition, it is known that β-glucans
taken in a meal increase the viscosity of the meal bolus, thereby reducing the
rate of absorption and ﬂattening post-prandial glycaemia. In fact, the viscosity of ﬁbres relates positively with the degree of ﬂattening of post-prandial
glycaemia.63–66 In epidemiological studies, the precise type of ﬁbre ingested
is seldom reported but could be important to record. Few studies have been
published comparing the differential effects of fermentable and nonfermentable ﬁbres on energy intake and metabolism. Howarth et al.67 did
not ﬁnd any differential effects of fermentable ﬁbres versus nonfermentable ﬁbres (taken as a supplement in ﬂavoured water before the
meal) on energy intake or changes in body fatness in a population whose
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body mass index (BMI) ranged from 20 to 34 kg/m2. However, in animal
models, fermentable ﬁbres enhanced satiety to a greater extent. Therefore,
a greater reduction in energy intake and body fatness over time was expected.
A study in which 10 healthy men ingested either a diet with β-glucans or a
diet with cellulose failed to produce signiﬁcantly different effects on plasma
glucose and insulin concentrations.62 In this case, the effects of the speciﬁc
action of the β-glucans (colic fermentation, production of short-chain fatty
acids) did not seem to interfere with carbohydrate metabolism.
The glycaemic index (GI) of the carbohydrate and ﬁbre content can be
related since viscous ﬁbres and foods with intact natural cell walls generally
have a lower GI.68 Dietary ﬁbre was shown to account for about 40% of
the variance in GI among 18 starchy foods.69 In fact, epidemiological and
intervention studies showed that body weight is positively correlated with
GI. Ma et al.68 carried out a study of 572 healthy men, in which BMI was
positively associated with GI: a 5-unit increase in GI was signiﬁcantly associated with a 0.75-unit increase in BMI (p = 0.01). Therefore, dietary ﬁbres
like β-glucans, which affect food digestion and absorption rate, also affect
GI values as a consequence. Jenkins et al.66 found that addition of β-glucans
reduces GI (4 units/g) while maintaining palatability.
Some intervention studies have been carried out with speciﬁc test products with high β-glucan content to evaluate the glycaemic and insulin
responses in healthy and diabetic subjects. It has been shown that 8–10%
of β-glucans in cereals can decrease the glycaemia peak by 50%.70 Juntunen
et al.71 showed that the lowered insulin response observed after consumption of different grain products in healthy men was not dependent on the
type of cereals. In another study, β-glucan-enriched products consisted of
barley-enriched pasta. Healthy men fed barley pasta enriched with β-glucans
did not show any difference in glycaemia response but did show a greater
insulin response compared with men fed low-ﬁbre-content pasta. This
discrepancy between insulin and glycaemia schemes, also found in other
studies, indicates a complicated pattern for the effect of ﬁbres on glucose
metabolism, which could be modulated by the action of hormones such as
cholecystokinin65 and glucagon-like peptide 1.71 These intervention studies
showed that a high β-glucan content is required to obtain a signiﬁcant effect
on post-prandial glycaemia and insulinaemia in healthy subjects.
The antidiabetic effects of β-glucans have been suspected in response to
their actions on energy and glucose metabolism. Longer studies have been
designed to observe the beneﬁcial metabolic effects of β-glucans on type 2
diabetes. The risk of developing type 2 diabetes has been shown to be more
than twice as high when consuming a diet high in glycaemic load in combination with a low ﬁbre intake.70,72 Another study has shown that the addition
of β-glucan greatly reduced hyperglycaemia but that there was a threshold
level for the amount of ﬁbre.64 In diabetics, β-glucans-enriched diets have
also been shown to improve metabolic control with a decrease in haemoglobin A1c (HbA1c).73,74 However, only a few studies have focused on the
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speciﬁc effects of β-glucans on HbA1c, and no clear and direct correlation
has been found to date.61 Nevertheless, the improved glycaemic control and
the reduction of cardiovascular risks (due to lowered blood lipid levels)
associated with ﬁbre intake indicate that it could be a recommended part
of the diet for subjects with type 2 diabetes.

6.6

b-Glucans and weight control

β-Glucans could play a role in body weight regulation through different
mechanisms: it increases satiation, decreases the absorption efﬁciency of the
small intestine, regulates glucose and insulin responses, and has beneﬁcial
effects on lipid metabolism.
Various epidemiological studies have shown an inverse correlation
between ﬁbre intake and body weight, BMI and body fat.75 In the CARDIA
study, a population-based cohort study of the change in cardiovascular risk
factors over 10 years, it was shown that dietary ﬁbre was inversely associated with fasting insulin levels (mean difference across quintiles: −5.6 pmol/
l, p = 0.007 in whites; −9.7 pmol/l in blacks, p = 0.01), weight gain (mean difference across quintiles in both populations: −3.65 kg, p > 0.001) and other
risk factors for cardiovascular diseases in young adults.76 White men and
women consuming diets supposed to be the lowest in GI (high ﬁbre, high
fat) had the least weight gain over 10 years compared with those consuming
supposedly high-GI diets (low ﬁbre, low fat).
Another epidemiological study carried out on a cohort of 27 802 men
demonstrated a reduced risk of weight gain (8 years of observation) associated with increased whole-grain or bran intake.77 Dietary ﬁbre was inversely
related to weight gain independent of whole-grains (p for trend <0.0001).
They found that for every 20 g/day increase in dietary ﬁbre, weight gain was
reduced by 1.18 kg.
Few intervention studies had been done until 2000 on the effects of ﬁbre
on body weight. In fact, the focus was on the use of ﬁbre in enhancing
compliance with low-caloric diets designed for weight loss by reducing
hunger.78 Intervention studies performed in healthy, overweight or obese
humans led to conﬂicting results. Some reported no effect on body weight.66,79
In the study of Nicolosi et al.,79 the subjects had consumed enough energy
to maintain their body weight. Some other studies did report an effect of
ﬁbre on body weight loss.80,81 In these last two studies (with demonstrated
effects of ﬁbre on body weight loss), ﬁbre supplementation was associated
with reduced energy intake and it was not possible to relate the weight loss
solely to ﬁbre intake. In addition, no evidence has been shown of an
enhanced effect of ﬁbre supplementation compared with caloric restriction
alone. It is also interesting to record that a greater suppression of energy
intake and a greater weight loss was observed in overweight or obese subjects versus normal-weight subjects: mean energy intake in all studies was
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reduced to 82% by higher ﬁbre intake in overweight/obese people versus
94% in lean people and body weight loss was 2.4 kg versus 0.8 kg, respectively.78,82 Fibre supplementation could be considered at the least as a good
support for weight loss diets by enhancing satiety. However, more clinical
studies are required to determine which kind of ﬁbre and what quantities
are suitable for the prevention of weight gain and obesity in different
populations.

6.7

b-Glucans in the regulation of satiety and acceptance
by consumers

A signiﬁcant number of studies have demonstrated suppressed hunger and
greater satiety with ﬁbres that have the viscous-producing property, whereas
satiation and gastric fullness may be more closely related to the bulking
effects of ﬁbre.78 The relationship of body weight status and ﬁbre effect on
energy intake suggests that obese individuals may be more likely to reduce
food intake with dietary ﬁbre inclusion.78 Dietary ﬁbre plays a role in weight
management as a result of its effect on satiety and blood cholesterol.83 Both
soluble and insoluble ﬁbres prolong after-meal satiety, but soluble ﬁbre is
more effective. A ﬁbre-rich meal is usually lower in fat and added sugars,
is less energy dense and is processed more slowly, which promotes earlier
satiety.83
The soluble oat β-glucan has been found to have positive effects on
health, such as reducing blood cholesterol levels.49,51 The consumption of a
hypocaloric diet containing oats over 6 weeks resulted in a greater decrease
in systolic blood pressure, total cholesterol and LDL cholesterol than did
a similar diet without oats.84 Oat β-glucans can also be used in controlling
weight. Ingesting oat β-glucans can increase the viscosity of gut contents
enhancing the feeling of fullness. Oat β-glucans can lower the rate at which
nutrients are absorbed from the small intestine, delay gastric emptying and
prolong the feeling of satiety.65,85,86 The ﬁrst effect occurs in the stomach,
where swelling and water binding by the ﬁbre causes distension that contributes to the feeling of satiety. In the small intestine, fat and protein or
amino acids induce release of the gut hormone cholecystokinin, which
delays gastric emptying, blunts glycaemic responses and enhances satiety.87
The effect is believed to be caused by increased viscosity, which increases
the contact time of fat and amino acids with receptors. Other dietary
ﬁbres and food consistency have been shown to affect the secretion of
cholecystokinin.88,89
The physiological effects of β-glucans appear to be related to their rheological characteristics. An inverse relationship between the viscosity of oat
β-glucans-containing beverages and the levels of both blood glucose and
blood insulin has been shown with beverages varying in the dose and
molecular weight of oat β-glucan.63,90 Thus, physiological responses appear
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to be affected by the concentration and the molecular weight of β-glucans,
probably through effects on gut-content viscosity. Owing to its high waterbinding capacity β-glucan also affects the structure of food in a similar way
to other soluble dietary ﬁbre.91–94 This in turn could affect the rate of food
digestion, especially the susceptibility of the starch component of the food
to amylolysis. Thus it is likely that both the viscosity-increasing and structure-modifying properties of β-glucan are involved in the health-promoting
effects of β-glucan-rich foods.
The role of dietary ﬁbre in energy intake regulation and weight control
is related to the special physical and chemical properties of ﬁbre that
promote the feeling of satiation and enhance or prolong the feeling of
satiety.78 Satiation is related to the effects of dietary ﬁbre on structure and
energy density of food, whereas the viscosity-increasing effect of soluble
ﬁbres may enhance satiety through delayed gastric emptying and subsequent delay in fat absorption. Fat in the intestine stimulates the feeling of
satiety whereas diets low in fat and energy are associated with feelings of
hunger. In women, incorporation of foods rich in viscous ﬁbres into mixed
low-fat meals resulted in suppressed sensation of hunger and enhanced
post-meal satiety compared with a low-fat, low-ﬁbre meal of equal energy
content and palatability.78 Plasma cholecystokinin concentrations were elevated and sustained in response to both the low-fat, high-ﬁbre meal and the
high-fat, low-ﬁbre meal.78 Bourden et al.65 have shown a similar cholecystokinin response when viscous ﬁbres were included in a low-fat meal. If inclusion of viscous-type ﬁbres in low-fat diets effectively slows fat absorption
and imparts a greater sense of satiety, this would be a promising way to
improve compliance with low-fat diets.
Oat β-glucan is already added to some products, mostly cereal products.
The mouth feel of oat products is determined by the unbranched polysaccharide, β-glucan, which also signiﬁcantly inﬂuences the ﬂavour release. The
special feature of β-glucan is that it forms highly viscous water solutions.
The viscosity of food is known to modify the perception of tastes even
though the composition of the thickener has been suggested to have a
greater effect on the perception of ﬂavours than the viscosity.95–98 A negative
correlation has been reported between the intensities of ﬂavour attributes
and the viscosity of oat β-glucan-enriched soups.99
Generally, European consumers seem to know current dietary recommendations rather well. However, the reasons for healthy eating may vary
for different people. Healthy food can be chosen for many reasons such as
to prevent chronic diseases, to improve general well-being, or for ideological or moral reasons. Preventing disease or getting help for a particular
health problem are the most frequently cited reasons for healthy
eating.100–102 The potential beneﬁts of healthy eating only affect behaviour
if a person feels it is relevant for him-/herself, is motivated and has sufﬁcient
knowledge to change his/her behaviour.103 If the person is motivated, e.g.
has a need to pay attention to their blood pressure, then the information
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concerning the health-beneﬁt effects of a given product may encourage
them to try products that promise to affect blood pressure. There are limitations in the use of information when functional foods are marketed to
consumers. Health-related claims are not allowed to promise the curing,
treating or prevention of diseases. However, the claims can include statements regarding reducing risk of disease and improved state of health.104
Urala et al.105 found health-related claims to be advantageous for the products used in their study. However, when the strength of the claims was
increased by promising stronger and more deﬁnite effects for the consumers, it did not automatically increase the perceived beneﬁt of the product.
Factors affecting consumers’ willingness to use beverages and ready-toeat frozen soups containing oat β-glucan have been studied in Finland,
France and Sweden.106 The presence of a health claim (concerning either
cholesterol or glucose) signiﬁcantly increased the perceived beneﬁt and
willingness of the consumers to use the soups and beverages before tasting
the sample. Although, the perceived beneﬁt of the β-glucan sample with the
health claim decreased after tasting, it was rated either higher (in the
glucose-claim subgroup) or equal (in the cholesterol-claim subgroup)
in perceived beneﬁt after tasting than the sample without β-glucan.
Respondents in both the cholesterol-claim subgroup and the glucose-claim
subgroup rated samples similarly in different countries. In general, health
claims (glucose or cholesterol claims) had a small positive impact on willingness to use beverages and soups containing β-glucan, but the taste of the
products strongly affected the willingness to use them.106 β-glucan affected
the mouth feel of both the beverages and soups. Although, β-glucan addition altered the sensory characteristics of both the beverages and soups,
liking for soups, beneﬁt perceived and willingness to use the soups were not
remarkably lower in β-glucan soups than in soups without β-glucan. Thus,
in the ﬁrst instance the taste of the product must be pleasing taste, and then
health effects can give added value to the product.

6.8

Use of b-glucans in food products

It is well known that the source (e.g. species), processing treatments (e.g.
milling, temperature, pH effects) and interactions with other constituents
in the source – and then in a composite food matrix – are likely to inﬂuence
structural features, concentration and dispersibility–solubility of β-glucans
and so modulate their physiological action. β-Glucans enrichment in some
products, leading to concentrated products, has increasingly been studied
because it allows a larger β-glucan intake per serving with a minimum
decrease in palatability and an increase in volume ingested.66 In most
intervention studies, speciﬁc concentrated or processed products have
been used, whereas commercially available foods are seldom used.61
Several studies have shown the advantages of enrichment of oat products
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in achieving physiological effects. In fact, greater beneﬁcial effects are
obtained with these enriched products than with products naturally high in
β-glucan.66 Moreover, the use of β-glucan concentrates in processed food
such as muesli bars, pasta, and cereal does not drastically reduce the efﬁcacy
of reducing post-prandial glycaemia.66
The sensory properties of β-glucan, especially its high viscosity, inﬂuence
the sensory quality of the products. Positive health effects of products may
not guarantee that the product is chosen repeatedly if its sensory quality is
not adequate. Taste pleasantness has been found to be the most important
factor affecting food choice of novel foods and food choices overall.107–109
Their good viscosity-forming properties make β-glucans potential alternatives as thickening agents in different food applications, e.g. ice creams,
sauces and salad dressings.110 Compared with other thickening agents, oat
gum was less viscous than xanthan and guar at 0.5%, but slightly more
viscous than locust bean gum at the same concentration.111 To make the
daily consumption of the FDA-recommended four portions of 0.75 g βglucan feasible, new types of β-glucan-containing foods need to be developed in addition to cereal products where β-glucan is an intrinsic component.
One option for these new products is frozen, ready-to-eat foods, as the
consumption of these is growing in general.112 Frozen ready-to-eat soups
are one possible product category, where β-glucan could be used as a thickening agent.99
β-glucan is suitable for a wide range of food products, because, being a
neutral and non-ionic polymer, its viscosity is not affected by pH.111 As the
viscosity of β-glucan reversibly decreases with increased temperature, warm
food products would be ideal products for enrichment with β-glucan.111,113
In warm foods the concentration of β-glucan could be higher than in cold
foods because the product would have decreased sensory thickness during
eating or drinking as a result of increased temperature. Technologically,
more-processed β-glucan preparations are easier to add into foods in
amounts sufﬁcient for achieving a physiologically functional amount of βglucan in a product. However, the relationship between physiological functionality and molecular weight has to be kept in mind.
The effects of different β-glucan preparations on the sensory texture and
instrumental viscosity of beverage prototypes and soups have been evaluated.99,114 The results showed that both the type and concentration of βglucan are important in determining the characteristics of foods. Different
β-glucan preparations gave different viscosities (both sensory and instrumental) in beverages and soups containing the same amount of β-glucan.
The effect was dependent on the molecular weight of the soluble ﬁbre.
Currently, the focus of the food-related industries is on developing new
foods with sufﬁcient β-glucans content, maintained viscosity and good
palatability, in order to facilitate long-term intake and effectiveness. The
appearance of new products combining health potential and high acceptability is very important and depends, in the case of cereals, on the devel-
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opment of new processing technologies and improved knowledge of
ﬁbre distribution in the matrix.115 In an EU project entitled ‘Design of foods
with improved functionality and superior health effects using cereal βglucans (QLK1-2000-00535)’, different foods that normally do not contain
cereals were enriched with β-glucans and the health effects were
documented.

6.9

Future trends

β-Glucan has been intensively studied because of its ability to regulate
glucose and insulin levels as well as cholesterol and body weight. Cereals
rich in β-glucans may thus be useful nutritional tools to better control
different metabolic disorders. One problem, however, is that the acceptability of these products – and hence compliance – is too low for many
consumers. This could be improved by offering a wider range of foods
enriched in β-glucans. Extended work is still needed from research groups
to determine the precise molecular pathways of the action of β-glucans on
carbohydrate metabolism and to understand the potential interactions
with the other components of the food matrix and their consequences.
Rather than relying solely on the effects of β-glucan on body composition
a wider approach is needed: the combination of increased consumption of
dietary ﬁbre with incorporation of low-GI foods, physical activity and a
balanced diet, could help in weight control, and obesity and type 2 diabetes
management. In parallel, food industries have to integrate all this information in the development of new products with health potential and high
palatability.
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Non-digestible oligosaccharides
N. M. Delzenne, P. D. Cani, E. Delmée and A. M. Neyrinck,
Université catholique de Louvain, Belgium

7.1

Introduction

Dietary ﬁbres (DFs) are typically edible constituents of plants foods (or
analogous carbohydrates) that escape digestion in the upper intestine.
Deﬁnitions of DF now include components that undergo complete or
partial fermentation in the large intestine: therefore, components like
non-digestible oligosaccharides (NDOs) are now considered DFs (FAO/
WHO 1998; DeVries 2003). Several recent reviews report the mechanisms
that enable DF to play a role in the control of food intake and
weight management, and these are presented in the ﬁrst part of this chapter.
We will place special emphasis on the deﬁnition and physiological
properties of NDOs, and we will show how those fermentable DFs may act
to modulate food intake and appetite, namely by promoting the release of
gut peptides.

7.2

Dietary ﬁbres and food intake

It was proposed, more than 30 years ago, that DFs act as a physiological
obstacle to energy intake by different mechanisms including: (a) displacement of available calories and nutrients from the diet; (b) increasing chewing
– which limits intake by promoting saliva and gastric juice resulting in an
increased satiety; and (c) decreasing the absorption efﬁciency of the intestine (Heaton 1973). During ad libitum energy intake, a mean loss of weight
of about 1.9 kg was found to have occurred after 14 g per day of additional
ﬁbre intake, which may have been due to the 10% lower energy intake
observed. This effect was more pronounced in obese subjects (Howarth
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et al. 2001). Pereira and Ludwig (2001) report that in most studies, DF
intake was associated with beneﬁcial effects on energy intake. Some studies
report mixed or no effects on satiety (Pereira & Ludwig 2001). The composition of diet, the type of ﬁbre, the dose, the time of administration, the
subject characteristics (healthy or obese), as well as the method of satiety
assessment, are confounding parameters rendering the analysis of food
intake modulation following DF intake difﬁcult.
The mechanisms by which DF intake modulates food intake and body
weight are multiple and are interestingly described in a recent review
(Slavin 2005). It is proposed that DF may have an effect on satiation (sensation of fullness during an eating period, leading to the cessation of eating)
and/or satiety (sensation of fullness between eating episodes that tends to
inhibit the resumption of eating) (Gerstein et al. 2004). The effect on
satiation may be related to the intrinsic properties of DF-containing foods
(such as their lower energy density), prolonged chewing and mastication,
or their gelling properties in the stomach. It has been shown that DF
forming gels in contact with acids (alginate, guar gum), increases the
sensation of fullness, through the distension of the gastric antrum; this may
occur without any modiﬁcation of gastric emptying (Hoad et al. 2004).
However, delayed gastric emptying may explain per se the satiating
effect of other DFs (Slavin 2005). Satiation and satiety are under neuronal
and hormonal control (Ritter 2004). Recently, progress has been made in
the comprehension of the relation between events occurring in the gut, and
the central effect of gastro-intestinal peptides involved in the control of
food intake (Badman & Flier 2005). This will be discussed later in this
chapter.
Various types of DF may be of interest. Maeda et al. (2005) demonstrated
that the addition of agar in the diet resulted in marked weight loss due to
a reduction of food intake, and also improved cholesterol level, glucose and
insulin response, and blood pressure. The Framingham Offspring Study
reported that the prevalence of metabolic syndrome – deﬁned following the
National Cholesterol Education Program criteria – was improved by high
cereal ﬁbres intake (contributing to the beneﬁcial effect of whole grain)
(McKeown et al. 2004).
Knowledge of the biochemical mechanism allowing DF to modulate
satiety, glucose or lipid metabolism, and hypertension is essential when
proposing key nutritional advice for speciﬁc disorders associated with the
metabolic syndrome. In this context, the modulation of gastro-intestinal
peptides by NDOs, such as fructans, is an interesting area of research,
leading to an understanding of how events occurring in the gut participate
in the control of food intake, obesity and associated disorders. We propose,
before entering into discussion about the relevance of NDOs in the modulation of food intake, to describe current knowledge related to the nutritional
properties of NDOs.
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Sources and properties of non-digestible
oligosaccharides

7.3.1 Deﬁnition
Following worldwide authorities on chemical nomenclature and terminology (i.e. the International Union of Biochemistry (IUB) and the International
Union of Pure and Applied Chemistry (IUPAC), an oligosaccharide is a
molecule containing a small number of monosaccharide residues (degree
of polymerisation, DP from 2 to 10). NDOs resist hydrolysis and digestion
in the human digestive system and are partially or completely fermented
by the colonic microbiota in the large intestine.
7.3.2 Chemical structure and origin
Several NDOs are considered DFs, itself a broad category. As illustrated in
Table 7.1, NDOs may occur naturally in many plants – mainly vegetables,
whole grains and fruits (Meyer 2004). Another natural source of NDOs is
milk (cow milk galacto-oligosaccharides and human milk oligosaccharides).
Moreover, several NDOs – often added in food for their technological
properties – may be synthesised from simple or complex carbohydrates.
NDOs present in the diet differ from one another in their chemical structure,
in other words the number (DP) or the type of hexose moeties (glucosyl-,
fructosyl-, galactosyl-, xylosyl-), the position of links between the hexose
moeties and their conformation (α- versus β-) (Delzenne 2003). All these
characteristics have consequences on the physical properties of NDOs – and
therefore on their putative usefulness as food ingredients and their effects
and metabolism in the gastro-intestinal tract. Owing to interest in their
nutritional properties, biotechnology (enzymatic or thermal processes) has
been applied to obtain new types of NDOs either through enzymatic
synthesis from simple sugars, or enzymatic hydrolysis from more complex
carbohydrates (Murphy 2001). Short-chain fructo-oligosaccharides (FOS),
for example, may be obtained by synthesis from saccharose, or through
controlled and partial hydrolysis from chicory root inulin (Roberfroid &
Slavin 2000).
FOS are often cited as the most important dietary oligosaccharides. They
may be of plant origin (garlic, onions, banana, artichoke, chicory root and
cereals) (Delzenne 2003). FOS are a linear polydisperse carbohydrate material consisting mainly, if not exclusively, of fructose residues linked by β-2,1
fructosyl-fructose linkages. The generic term for FOS, namely fructans, includes
the oligofructose (OFS) (DP 4), high-molecular-weight inulin (Inu) (DP 25)
and a Synergy 1 (Syn) consisting of a mix of OFS and Inu (DP 2–60).
Although speciﬁc attention is often given to FOS, one must not forget
that human milk, remains another ‘natural’ source that is extremely rich in
diverse oligosaccharides. Their presence could explain some of the many
health-promoting effects of breast feeding.
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Dietary NDOs available in food products

Type of NDO

Natural occurrence

Industrial production process

Fructo-oligosaccharides

Onions, banana, garlic, Jerusalem artichokes

Galacto-oligosaccharides
Isomalto-oligosaccharides
Palatinose or isomaltulose

Cow milk, soybean, legumes
Miso, soy sauce, sake, honey
Honey, cane juice

Theanderose
Lactulose
Lactosucrose, glycosylsucrose
Xylo-oligosaccharides
Stacchyose, rafﬁnose
Fibersol-2
Glucomannan
Cyclodextrin

Sugar, honey
—
—
Wheat bran
Soybean
—
Konjac root
—

Synthesis from saccharose
Hydrolysis from chicory-root inulin
Enzymatic process from lactose
Hydrolysis or glycosyl transfer from starch
Produced from sucrose by α-glucosidase reaction of
Protaminobacter rubrum
Produced using fungus Mucor javanicus
Synthesis from lactose
Synthesis from saccharose and/or lactose
Hydrolysis from polyxylans
—
Produced by pyrolysis of corn starch
—
Synthesis from starch
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7.3.3

Technological and nutritional properties (including
estimated intake)
NDOs are readily water soluble and exhibit some sweetness, which decreases
with longer chain length, whereas water binding and gelling properties
increase with the number of hexose molecules and reticulation. These properties, together with some interesting physiological effects (low caloric
value – close to 1.5 kcal per gram of oligosaccharides, low cariogenicity,
prebiotic effect, improvement of mineral absorption, etc.) are used to
promote the addition of some NDOs to foodstuffs that normally contain
low or no signiﬁcant amount of such nutrients. Since they are added to
foods, quantifying the dietary intake of NDOs in adult humans is difﬁcult.
One study, based on the intake of FOS in fruits and vegetable, has estimated
the daily intake of inulin-type fructans for a 75-kg person to be 3.2–11.3 g
in Western Europe, and 1–4 g in the United States, (van Loo et al. 1995).
The usual intake of most other NDOs is difﬁcult to assess due to the lack
of adequate published data.
7.3.4

Effect of non-digestible oligosaccharides in
the gastro-intestinal tract
NDOs, once ingested, resist digestion by hydrolytic enzymes secreted or
active in the intestine, such as α-glucosidase or maltase/isomaltase. NDOs,
which mostly escape the upper digestion, are important sources of energy
for bacteria in the caeco-colon, which express enzymes such as βfructosidase, β-galactosidase, xylanase or any other hydrolases (Bernalier
et al. 1999). The ingestion of some NDOs may thus lead to the advantageous
proliferation of certain types of bacteria, which are generally considered
beneﬁcial (e.g. biﬁdobacteria, lactobacilli) and suppression of more
harmful bacteria. Dietary FOS have been demonstrated in many studies in
animals and humans to (re)equilibriate the colonic biotope, ﬁrst deﬁned as
the ‘prebiotic effect’ in 1995 by Gibson and Roberfroid, 1995. In addition,
more recently, promising results have been obtained with other NDOs such
as galacto-oligosaccharides (GOS) (Delzenne & Williams 2002). The dose
and the duration of NDO intake, the place where fermentation mainly
occurs (proximal or distal colon) as well as the initial composition of faecal
ﬂora, are important factors inﬂuencing the extent of the prebiotic effect –
namely the increase in biﬁdobacteria (Rao 2001; Tuohy et al. 2001). On the
basis of the results of well-designed human studies that have shown signiﬁcant changes in the composition of human faecal ﬂora, it can be concluded
that FOS are prebiotic at a dose of between 5 and 15 g per day. For the
GOS, an increase in biﬁdobacteria and lactobacilli in response to doses
ranging from 3 to 10 g per day has been reported. A dose of isomaltooligosaccharides of 13.5 g per day for 2 weeks signiﬁcantly increased the
number of biﬁdobacteria in adult and elderly volunteers (Roberfroid
2003).
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For soybean oligosaccharides, a dose of 10 g given twice daily for 3 weeks
signiﬁcantly increases the number of biﬁdobacteria, while slightly decreasing clostridia counts; a dose of 3 g per day increases biﬁdobacteria, bacteroides and eubacteria. A biﬁdogenic effect has also been demonstrated in
humans after ingestion of lactulose, lactilol and xylo-oligosaccharides
(Meyer 2004). A low baseline biﬁdobacteria count was signiﬁcantly associated with the biﬁdogenic response to NDO ingestion (Bouhnik et al. 1999,
2004). Recentlys a new quantitative approach for determining in vitro prebiotic potential of dietary oligosaccharides has been developed (Vulevic
et al. 2004). The measure of the prebiotic effect (MPE) includes quantitative
changes in the number of bacterial groups, fermentation end products, such
as short-chain fatty acids (SCFAs), and substrate assimilation. Although the
approach is not meant to deﬁne health values, it is formulated to better
inform the choice of prebiotic NDOs.
The major products of NDO metabolism are SCFA and gases (hydrogen
and carbon dioxide), produced through fermentation by colonic ﬂora. The
pattern of fermentation (the proportion of the different short-chain acids
(acetate, propionate, butyrate, lactate) produced in the caecum and/or the
colon) varies with the nature of the NDO, at least in animals. More butyrate
is produced from FOS and lactitol than from rafﬁnose (Nyman 2002). The
proportion of SCFA also changes with the duration of the treatment, as was
well illustrated by the study of Le Blay et al. (1999) performed with FOS.
The SCFA are absorbed into the bloodstream of the host. Butyrate is
absorbed and used by colonocytes as the preferred fuel, whereas the other
SCFA are transferred to various organs – primarily the liver – where they
enter different metabolic pathways. Interesting methods have been developed to determine SCFA turn-over in animals and human subjects, using
stable isotopes (Pouteau et al. 2003).
SCFA have an important effect in the intestinal tract. It is largely accepted
that butyrate exerts an essential role in maintaining the metabolism, and
the proliferation/differentiation of different epithelial cell types. SCFA, and
mostly butyrate, are often evoked to explain the role of NDO in gut immunity, or cell turn-over.

7.4

7.4.1

Effect of non-digestible oligosaccharides on glucose
and lipid metabolism: a phenomenon linked to a
decrease in food intake

Non-digestible oligosaccharides and lipid/glucose metabolism in
animal studies
Most data published to date relate to experimental studies performed in
animals. NDOs are able to modulate hepatic lipid metabolism in rats or
hamsters, with consequences on either triglyceride accumulation in the
liver, and/or serum lipids. In non-obese rats and/or hamsters fed a high-
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carbohydrate diet, a decrease in hepatic and serum triglycerides is observed
when inulin-type FOS are added to the diet at concentrations from 2.5 to
10% for several weeks (from 2 to 12 weeks) (Delzenne & Williams 2002).
In animals, reduced triglyceridaemia is often linked to a decrease in de novo
lipogenesis in hepatic, but not in adipose, tissue, cells. A decrease in the
expression of key hepatic lipogenic enzymes, reﬂected by a decrease in fatty
acid synthase mRNA, seems to be involved in the lower lipogenic capacity
after inulin-type FOG supplementation, as also shown with resistant starch
(Delzenne et al. 2002). In rats fed a lipid-rich diet containing 10% FOS, a
decrease in triglyceridaemia also occurs without any protective effect on
hepatic triglyceride accumulation and lipogenesis, suggesting a possible
peripheral mode of action (Kok et al. 1998b). By contrast, in obese Zucker
rats, dietary supplementation with FOS lessens hepatic steatosis, with no
effect on post-prandial triglyceridaemia when added in the standard diet
(Daubioul et al. 2000). This effect is likely to result mainly from reduced
availability of non-esteriﬁed fatty acids coming from adipose tissue, since
fat mass and body weight are decreased by the treatment. The protection
against steatosis is strongly dependent on fermentation pattern (Daubioul
et al. 2002). The high proportion of propionate produced in the caecum,
which reaches the liver through the portal vein, is, at least in animals, a key
event explaining a lower hepatic triglyceride synthesis upon NDO feeding
(Morand et al. 1993; Delzenne et al. 2002; M. Lasa, June 2002, unpublished
results).
Rats fed with NDOs (OFS), also exhibit lower fat mass development, as
shown in several models (Daubioul et al. 2002; Delzenne et al. 2005). The
epididymal, inguinal and visceral adipose tissue fat mass are lowered by
30% to 40% in OFS-fed rats as compared with controls (Cani et al. 2004).
The effects of NDOs on glucose homeostasis have been less well studied.
An improvement of glucose/insulin ratio has been observed in rats receiving FOS with a high-fructose diet (Busserolles et al. 2003).
We have recently reported that OFS improves glycaemia and plasma
insulin, both in the post-prandial state and after an oral glucose load in
streptozotocin-treated diabetic rats (STZ). Moreover, treatment with OFS
improves pancreatic insulin and β-cell mass (Cani et al. 2005a). This ‘antidiabetic’ effect of NDOs is partly linked to a decrease in food intake due
to the treatment, but is merely due to the promotion of incretins production (see 7.6.2). In diabetes prone-BB rats, which are characterised by a
default in the production of gut peptides, no effect of OFS was shown
(Perrin et al. 2003)
In most studies showing the interesting effects of NDOs on lipid or
glucose metabolism, and fat mass development, the animals supplemented
with NDOs exhibited a lower energy intake, suggesting that NDOs have a
satietogenic effect. How does this take place? Is it really one of the important metabolic effects of NDOs? The second part of the chapter will be
devoted to these questions.
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7.5

Non-digestible oligosaccharides, food intake and weight
control: a key role for gastro-intestinal peptides

7.5.1

Involvement in the regulation of food intake: from theory to
experimental data
Endocrine L-cells are distributed all along the intestinal tract, but are
mostly present in the caeco-colon, where fermentation of NDO occurs
(Orskov et al. 1989). Endocrine cells present in the intestinal mucosa
secrete peptides involved in the regulation of food intake, and/or
pancreatic functions, the latter being called incretins [glucagon-like peptide1 (GLP-1) and gastric inhibitory peptide (GIP)]. Among those peptides,
GLP-1, peptide YY (PYY) and oxyntomodulin have recently been
proposed as important modulators of appetite, through their peripheral
effect (vagal nerve) and/or by acting directly on the arcuate nucleus
(Druce et al. 2004; Wynne et al. 2005). GLP-1 is also involved in the
regulation of pancreatic secretion of insulin, and in the differentiation and
maturation of β-cells (Brubaker & Drucker 2004). Other gastro-intestinal
peptides are implicated in the regulation of body weight and food
intake such as ghrelin, a gastric orexigenic-derived hormone (Cowley et al.
2003).
Interestingly, we had previously observed that OFS feeding led to an
increase in total cecal GLP-1 and jejunum GIP concentrations in rats (Kok
et al. 1998a). Therefore, we postulated that the modulation of gut peptides
could involve a key hormone mediating the effect of OFS – and other
NDOs – on food intake, and glucose/lipid metabolism. The mechanism and
relevance of endogenous modulation of the production of gut peptides by
DF is poorly documented, but several experimental data suggest that those
peptides could constitute a link between the outcome of fermentation in
the lower part of the gut and systemic consequences of ‘colonic food’
intake.
Reduction of food/energy intake has been observed in several rat models
(lean rats or mice, obese Zucker fa/fa rats, high-fat-diet-induced obese
mice) in which inulin-type fructans ﬁbres, extensively fermented in the
caeco-colon, were added to the diet. The decrease in food/energy intake
was not observed when fructans were substituted by non-fermentable DF
(microcrystalline cellulose) (Daubioul et al. 2002).
What we knew at the beginning?
1 The peptides involved are produced in the gut (GIP, ghrelin), or in the
lower part of the gut (PYY, GLP-1), where NDOs – including inulintype fructans – are largely fermented.
2 The products of such a fermentation in the gut – namely SCFAs – are
known to increase the expression of proglucagon mRNA (precursor of
GLP-1) in the intestinal tissue (Cherbut et al. 1998; Tappenden et al.
1998; Drozdowski et al. 2002).
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Some fermentable DFs are able to increase proglucagon mRNA expression when given in high doses in the diet of dogs or rats (Reimer &
McBurney 1996; Massimino et al. 1998).

We report here experiments devoted to: (a) analysing the putative
modulation of portal plasma GLP-1 and PYY and peripheral ghrelin
concentrations in rats fed three types of fructans, differing in preferential site
and extent of fermentation; and (b) identifying the major intestinal site of
proglucagon mRNA expression and GLP-1 synthesis after feeding with
fructans.
Are non-digestible oligosaccharides able to modulate gastro-intestinal
peptides involved in appetite and body weight regulation?
We ﬁrst compared the inﬂuence of inulin-type fructans having different DPs
– namely OFS, OFS-enriched inulin (Syn) and high-molecular-weight inulin
(Inu) – on daily energy intake, and GLP-1 and PYY production. It is important to note that the differences among inulin-type fructans are not only
the DP but also the preferential site of fermentation: OFS being fermented
in the caecum and the proximal colon, Inu in the distal colon and Syn
throughout the colon. The concentration of these peptides, and of the corresponding mRNA precursors, was measured in various segments of the
intestinal tract in male Wistar rats that had been given fructans at a dose
of 10% (w/w) for 3 weeks. All measurements were performed 8 h after
removal of the diet.
We conﬁrm that inulin-type fructans, when added in the diet, signiﬁcantly
reduce energy intake in rats. The short-chain inulin-type fructans (OFS/
Syn) signiﬁcantly increase the concentration of GLP-1 in the proximal
colon and, to a lesser extent, in the medial colon (OFS only) (Cani et al.
2004). The portal concentration of both GLP-1 and PYY peptides was
increased after OFS treatment (Table 7.2). This is quite interesting since it
means an increase ﬂux of those peptides towards the hepato-portal system,
where vagal ‘sensors’ act as a potential signal to the hypothalamic
centres that control food intake (Schwartz et al. 2000; Holst & Deacon 2005;
Wynne et al. 2005). The portal GLP-1 increase was correlated to the level
of proglucagon mRNA in the proximal colon (R = 0.62, P < 0.001,
Pearson’s correlation) (Cani et al. 2004). Surprisingly, there was no
modiﬁcation of PYY protein or mRNA in the different intestinal segments,
thus suggesting that the effect of OFS was linked to a speciﬁc effect
on proglucagon gene expression in L-cells as previously suggested
(Anini et al. 1999). Moreover, the co-localisation of PYY and GLP-1 has
been reported for only 15% of the colonic L-cells (Aponte et al. 1988;
Nilsson et al. 1991). Interestingly, even though there is no modiﬁcation of
peptides concentration per gram of caecal tissue, the enlargement of the
organ was responsible for an increase in the total caecal pool of both GLP-1
and PYY.

162

Novel food ingredients for weight control

Table 7.2 Portal vein plasma GLP-1 (7–36) amide and PYY (3–36) amide, and
cava vein plasma acylated ghrelin concentrations of rats fed a control diet (CT)
or a diet supplemented with OFS, OFS-enriched inulin (Syn) or high-molecularweight inulin (Inu). Values are means ± s.e.m., n = 6 per group. Statistical analysis
has been performed through one-way ANOVA followed by Tukey’s test
separately for each peptide. Mean values with unlike superscript letters are
signiﬁcantly different, P < 0.05 (Adapted from Cani et al., 2004, and Delzenne
et al., 2005)
Portal vein
GLP-1(7–36)
(pM)
CT
OFS
Syn
Inu

amide

7.8 ± 0.7a
11.4 ± 1.2b
10.5 ± 1.7b
8.4 ± 1.3a

PYY(3–36)
(pM)

amide

9.9 ± 1.9a
19.7 ± 2.4b
12.9 ± 2.6a
11.2 ± 3.2a

Cava vein, acylated ghrelin
(pM)
131.7 ± 7.4a
91 ± 7.2b
87.2 ± 12.6b
102.6 ± 12ab

We have shown that the plasma GLP-1 increase in the portal vein was
positively correlated to an increase in the number of cells producing GLP-1
in the proximal colon (P. D. Cani, submitted to Br J. Nutr 2006, personal
communication). An increase in intestinal proglucagon mRNA concentration has already been shown in rodents or dogs who received fermentable
DF (Reimer et al. 1997; Massimino et al. 1998; Nian et al. 2002). In mice, this
was accompanied by a higher GLP-1 incremental area under the curve after
a glucose load (Nian et al. 2002). None of these studies reported an effect
on food intake, body weight gain or insulin sensitivity.
A recent study has suggested that plasma GLP-1 might also inﬂuence
the production of ghrelin (Lippl et al. 2004). Ghrelin stimulates feeding
behaviour, lowers energy expenditure and drives body weight increase due
to a change in fuel partitioning. Acylated ghrelin concentration increases
during food deprivation and rapidly falls during meals (Kojima et al. 1999;
Tschop et al. 2000). Ghrelin could constitute a potential relay of the effects
of OFS on satiety because plasma GLP-1 and ghrelin concentrations are
inversely correlated after glucose ingestion, and GLP-1 reduces ghrelin
secretion (Djurhuus et al. 2002; Lippl et al. 2004). As shown in Table 7.2, the
plasma acylated ghrelin level is almost 30% lower in rats fed short-chain
fructans. This suggests that a lower ghrelin production can also contribute
to a decrease in appetite during fasting, linked to the presence of NDO in
the diet.
In conclusion, we may assess that short-chain fructans, which are fermented in the caecum and the proximal colon, are effective NDOs able to
increase proglucagon mRNA and portal and intestinal GLP-1 concentrations, and to decrease peripheral plasma acylated ghrelin, at least in animal
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models. Due to the results of these experiments, we have chosen to investigate further the effects of OFS, as DF, on the modulatation of gut
peptides.
7.5.2

Putative modulation of gastro-intestinal peptides by
non-digestible oligosaccharides in a high-fat-diet induced
hyperphagia model in rats
The role of dietary fat as a key nutrient inﬂuencing the energy balance has
been a topic of interest for researchers and for those concerned with public
health in general. Many epidemiological studies, and experimental data
obtained in animals, have characterised the response to high-fat feeding in
humans and rodents (Bray & Popkin 1998, 1999; West & York 1998). A
high-fat diet produces a consistent and signiﬁcant increase in body fat
content, which is dependent on both the amount of fat in the diet and the
duration of feeding. Hyperphagia might be one important mechanism by
which high-fat diets promote obesity, since fat is less satiating than carbohydrate (Ramirez & Friedman 1990; Lucas et al. 1998; Lucas & Sclafani
1999); it has thus been suggested that fat may lead to passive diet overconsumption (Blundell et al. 1996; Blundell & Macdiarmid 1997a,b). The model
of high-fat-diet induced hyperphagia is known to be associated with an
inhibition of ghrelin. Since ghrelin is inhibited, it is unable to counteract
hyperphagia (Lee et al. 2002). The reduction in plasma ghrelin levels with
the high-fat diet is in accordance with results reported in an article that
shows decreased circulating ghrelin levels in obese humans (Tschop et al.
2001). The authors of the human study suggest that the reduced plasma
ghrelin levels reﬂect an adaptation to the excessive caloric intake in obese
subjects.
Only a small amount of data is available concerning the potential modulation of high-fat-diet induced hyperphagia by DFs or NDOs (Sullivan et
al. 1978; Ramirez & Friedman 1990). The presence of OFS in a high-fat diet
as compared with a high-fat diet alone increases proglucagon mRNA in the
proximal colon, with consequences on GLP-1 concentrations. This model
has no effect, however, on PYY and ghrelin levels (Cani et al. 2005b). OFS
also reduces dipeptidyl peptidase IV (DPPIV) activity by about 30%. Thus,
a lower DPPIV activity due to OFS may contribute, together with the
higher intestinal production, to the promotion of GLP-1 production and of
its biological activity in the portal vein. In fact, we know neither the origin
of soluble portal DPPIV nor by which mechanisms OFS reduces DPPIV
activity (Cani et al. 2005b). Thus, because of the protective effect of OFS
against high-fat-diet induced body weight gain, hyperphagia and fat mass
development, despite the lack of effect of OFS on PYY and ghrelin levels,
we postulate that the modulation of GLP-1 synthesis and secretion could
be linked to the beneﬁcial effects of OFS.
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7.6

The role of glucagon-like peptide-1 in the improvement
of food intake, fat development and diabetic state by
non-digestible oligosaccharides

7.6.1

Non-digestible oligosaccharides and glucose/insulin homeostasis:
lessons from animal models
GLP-1, besides its effect on food intake, is considered a key peptide in the
control of glucose tolerance, and glucose-dependent insulin release by pancreatic β-cells (Meier & Nauck 2005). Moreover, it is also responsible for
increased β-cell neogenesis in streptozotocin-treated newborn rats – a
model of diabetes – thus allowing a partial recuperation of pancreatic function with age (Tourrel et al. 2001). We reported that OFS improves glycaemia and plasma insulin, both in the post-prandial state and after an oral
glucose load in streptozotocin-treated diabetic rats (STZ). Moreover, the
treatment with OFS allows an improvement of pancreatic insulin and β-cell
mass. Endogenous GLP-1 production was increased in STZ-OFS rats as
compared with other groups (Cani et al. 2005a). This GLP-1 overproduction
might be part of the protective effect of dietary fructans. Such a mechanism
has been proposed to explain the effectiveness of guar gum in improving
hyperglycaemia in hyperphagic diabetic rats (Cameron-Smith et al. 1997).
We may not exclude the fact that the satietogenic effect of OFS could be
involved in the improvement of glucose and pancreatic function. By investigating the putative effect of food restriction alone, we have drawn two
conclusions: (a) the higher GLP-1 synthesis in STZ-control rats is clearly
linked to hyperphagia, since it is avoided by a drastic caloric restriction;
(b) the beneﬁcial effect of OFS is not due to food restriction only, since the
improvement in glucose tolerance and pancreatic β-cell mass is observed
in STZ-OFS rats and not in food-restricted rats.
In another model (mice fed a high-fat diet), we have also shown that
OFS improves hepatic insulin sensitivity and increases plasma insulin; these
effects of OFS could also be due to a permanent intestinally released GLP1, promoting perhaps in part progressive insulin sensitivity associated with
reduced weight gain.
7.6.2

Is glucagon-like peptide-1 a key hormone involved in
the oligofructose effects?
The physiological importance of GLP-1 action can be studied using GLP1R antagonists or GLP-1R−/− mice. The infusion of the peptide exendin
(9–39) (Ex-9) in rats, mice, baboons and humans, increases fasting glycaemia
and glycaemic excursions after a glucose load, in association with reduced
levels of circulating insulin (D’Alessio et al. 1996; Schirra et al. 1998; Meeran
et al. 1999; Burcelin et al. 2001). Other studies have shown that injection of
Ex-9 increases food intake and weight gain in healthy animals (Meeran
et al. 1999), consistent with a role for endogenous GLP-1 in the control of
body weight. The importance of GLP-1 for the regulation of energy metab-
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olism has also been illustrated by the analysis of mice with genetic disruption of the GLP-1R gene, GLP-1R−/− mice (Scrocchi et al. 1998). By using
both models of: (a) transient disruption of GLP-1R action by infusing Ex-9
in wild-type mice or (b) genetic elimination of GLP-1R action in GLP-1R−
/− mice, we have shown that 4 weeks of OFS treatment during high-fat
feeding reduces the development of hyperglycaemia, glucose intolerance
and body weight gain in mice, whereas Ex-9 abolishes all the OFS effects
(Cani et al. 2005c). The importance of intact GLP-1R signalling mechanisms
for the anti-diabetic actions of OFS were further illustrated in experiments
wherein OFS treatment of GLP-1R−/− mice was not able to reduce the
high-fat-induced body weight gain and control food intake.
The issue of peripheral versus intraportal GLP-1 delivery is likely to be
important since previous studies have demonstrated that GLP-1R−/− mice or
wild-type mice with Ex-9 infused into the portal vein have impaired hepatoportal glucose sensor function and reduced insulin secretory capacity
(Burcelin et al. 2001). We propose that the production of GLP-1 in the proximal colon of OFS-fed mice is a key event explaining the metabolic effect of
this NDO, since the decrease in food intake, in fat mass and in glycemia classically observed after OFS treatment is abolished in GLP-1R−/− mice or in
EX-9-infused mice (Cani et al. 2006a). In addition to the therapeutic effect of
GLP-1 through its direct pancreatic effect on insulin or glucagon secretion,
the anti-hyperglycaemic effect of OFS could also be attributed to the extrapancreatic indirect actions of GLP-1 on hepatoportal neural mechanisms.
Other authors have recently debated the GLP-1 levels that need to be
reached to achieve metabolic effects (Holst & Deacon 2005). The extensive
degradation of GLP-1 that occurs before it enters the systemic circulation has
led to the suggestion that GLP-1 exerts numerous actions either locally in the
gut or in the hepatic portal bed. Once released, but before it comes into
contact with endothelial DPPIV, GLP-1 may interact with afferent sensory
nerve ﬁbres arising from the nodose ganglion, which send afferent impulses
to the nucleus of the solitary tract and onwards to the hypothalamus which
may be efferent transmitted to the pancreas (Nishizawa et al. 2000; Nakagawa
et al. 2004). Thus, under physiological conditions, the neural pathway may be
more important than the endocrine route for GLP-1-stimulated insulin secretion. This supports the relevance of our observations, showing a higher GLP-1
content in the proximal colon segment of NDO-treated mice or rats.

7.7

Relevance of non-digestible oligosaccharide effects in
human studies

Three questions are raised at the end of this experimental work:
1
2

Is OFS able to increase GLP-1 production in humans?
Is OFS able to promote satiety in healthy humans and/or in obese/type
2 diabetic patients?
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Is OFS able to improve insulin sensitivity in obese/type 2 diabetic
patients?

Question 1 has been partly answered by the work of Piche et al. (2003).
They found that OFS feeding (20 g per day) increased plasma GLP-1 in one
interventional study performed in patients presenting gastric reﬂux. This
result was not studied in relation to food intake and satiety (Piche et al.
2003). The authors suggested that it is important to take into account
the ‘kinetics’ of fermentation – assessed by hydrogen breath test – when
assessing the inﬂuence of fermented nutrients on circulating gut peptides.
The increase in hydrogen expired (marker of fermentation), correlates with
the modulation of plasma GLP-1 level, which could explain the link between
intestinal fermentation and gut peptide secretion.
Studies intending to provide an answer to question 2 have produced
inconclusive results. Reported effects of NDOs on circulating blood lipids
in humans are variable. Both positive and negative outcomes were obtained
from a small number of well-designed human studies, devoted to analysing
the effect of dietary supplementation with FOS (doses from 8 to 20 g per
day) exhibiting prebiotic properties (Delzenne & Williams 2002). Studies
have been conducted in both normo- and moderately hyperlipidaemic subjects. The effect of FOS supplementation on lipogenesis has been shown in
human volunteers: hepatic triglyceride synthesis is lowered by this NDO, as
previously shown in rats (Diraison et al. 2003). In patients with nonalcoholic steatohepatitis, FOS supplementation lead to a decrease in serum
activity of aminotransferases, suggesting an improvement of hepatic alterations in those patients (Daubioul et al. 2005). Studies performed with other
NDOs are scarce.
We have recently assessed the relevance of OFS feeding (16 g per day,
for 2 weeks) on satiety, hunger and energy intake in a single-blinded, crossover, placebo-controlled design, pilot study in humans. Interestingly, we
found that OFS promotes satiety following breakfast and dinner, and
reduces hunger and prospective food consumption after the dinner. During
OFS feeding, breakfast, lunch and total energy intake were reduced moderately (by about 5–10%) but were signiﬁcantly lower than those observed
during the placebo period (Cani et al. 2006b). Thus, on the basis of these
results, it is reasonable to suggest a role for OFS in enhancing satiety
and reducing energy intake in humans consuming a diet ad libitum.
Moreover, Archer et al. (2004) have recently demonstrated that fermentable fructans, added to food as a fat replacer, were able to induce a lower
energy intake during a test day, despite having no effect on satiety at breakfast, suggesting, as mentioned by the authors, a late post-absorptive satiety
trigger related to the complete fermentation of this ﬁbre (Archer et al.
2004). The inﬂuence of DF on GLP-1 release has been only poorly studied.
An increase in the post-prandial response of GLP-1 was observed after
ingestion of β-glucan-rich rye bread by healthy subjects (Juntunen et al.
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2002). The administration of guar gum (together with galactose) promoted
the increase in GLP-1 in women (but not in men), and this was related to
a signiﬁcant increase in satiety (Adam & Westerterp-Plantenga 2005).
Concerning the type of ﬁbres, following results mostly obtained in animals,
it is generally admitted that fermentable ﬁbres might enhance satiety to a
larger extent than non-fermentable DFs, resulting in greater reductions in
energy intake. However, in a pilot study comparing both fermentable
(pectin, β-glucan) and non-fermentable DF (methylcellulose) added as
supplement (about 27 g per day) in human volunteers for a 3 week period,
methylcellulose was shown to be more satiating than the fermentable ﬁbres
(Howarth et al. 2003). These last observations suggest that the place (proximal or distal colon) and the pattern of fermentation (in terms of SCFA
production) of fermentable ﬁbre, including NDOs, are important, but this
remains speculative.
Taken together, these results suggest a role for some NDOs in promoting
a moderate negative energy balance in humans consuming a diet ad
libitum.

7.8

Conclusions and future trends

As illustrated in this chapter, NDOs could exert interesting effects on food
intake and obesity-associated disorders, by a mechanism that may be different from those classically attributed to most DFs (gastric emptying,
bulking effects, etc.). As shown for OFS, NDO feeding could modulate
several gastro-intestinal peptides (GLP-1, PYY, ghrelin), GLP-1 being a key
hormone involved in OFS effects on food intake, fat mass development and
glucose homeostasis. No data are available to support a role for GLP-1 in
the modulation of lipid metabolism by NDOs.
The extension of these observations to other NDOs is needed. After all,
we may not generalise the OFS effect to all the fermentable NDOs, since,
for example, high-molecular-weight inulin does not signiﬁcantly increase
GLP-1 production. Nevertheless, a very recent study observed similar
effects to those observed in our studies, Gee and Johnson (2005) demonstrated that feeding rats with lactitol (a fermentable carbohydrate) lowers
food intake, body weight gain and increases plasma GLP-1 and PYY. The
authors did not study the putative modulation of intestinal peptide content.
This last study suggests that other dietary fermentable ﬁbres are putative
candidates for the promotion of endogenous gut peptide production.
The results of our experiments encourage further study of the putative
targeting of gut peptides by ‘colonic nutrients’ in humans. A sufﬁcient
amount of NDOs must be eaten if one wants to target the colon. Data
reporting the amount of NDOs eaten by humans in a standard diet are rare,
as are data reporting the dose required to promote the release of satietogenic peptides. Some positive effects have been obtained by adding
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NDOs, such as OFS, in the diet at a speciﬁc dose (about 15 g per day).
Studies of the combined effect of NDOs and other DFs in the control of
weight – acting by different mechanisms – should also be useful in establishing the relevance of NDOs in the nutritional control of obesity. This would
ﬁnally enable the development of a nutritional approach to improving
insulin sensitivity, satiety and control of body weight gain in obese and type
2 diabetes patients. Further human studies are clearly necessary to prove
the relevance of the animal data available at the present time.

7.9
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Resistant starch
A. M. Birkett, National Starch Food Innovation, USA and I. L. Brown,
University of Colorado Health Sciences Center, Denver, Colorado, USA

8.1

Introduction

Starch is usually a major component in both the composition and energy
value of the foods that we eat. Therefore understanding the contribution
that starches make to energy metabolism is an important consideration in
both the choice of foods and in the selection of speciﬁc ingredients to assist
with targeting weight management regimes. The modernization of the
Western diet has seen signiﬁcant changes in the amount and type of starch
consumed with increasing amounts being readily digestible. In this sense,
type refers not only to the source, but also the nutritional fate of the starch.
Traditional starch-rich foods are often relegated to a low dietary status as
being merely caloric ﬁllers, and starch ingredients are mostly used by food
formulators for their texturizing and viscosifying attributes. However, the
potential dietary importance of starchy foods and the variety of starch subtypes that they contain has now elevated the level of interest in this component of the diet and identiﬁed opportunities to selectively augment foods
with speciﬁc starch sub-types.
Starch is the preferred method of storing the carbohydrate glucose in
insoluble form in most higher plants, including cereals such as corn, rice and
wheat. Starch exists in many forms depending on the plant species and this
is reﬂected in variations in such parameters as granule morphology, thermic
properties and nutritional effects. Until the early 1980s it was thought that
starch, particularly when cooked, was fully digested within the small intestine and absorbed into the body as glucose. Excreted starch was attributed
to malabsorption. Since that time, some starches have been identiﬁed that
resist normal digestion in humans and animals. These so-called ‘resistant
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starches’ (RSs) pass through the small intestine to the large bowel where
they are fermented by the resident colonic microﬂora. Early research
focused on the effects of RS consumption in the large bowel and identiﬁed
an important role for RSs in helping to promote digestive health. Recently,
clinical research has suggested a role for dietary RS with respect to energy
metabolism and weight management.
Starchy foods have a traditional place in diets globally, although the type
and amount of starchy foods consumed does vary with cultural preference.
In Western countries usually less starch is consumed (i.e. 73–156 g/day in
the UK, USA and Australia) than in countries that consume traditional
non-Western diets (i.e. 215–371 g/day in India and China) (Cassidy et al.,
1994). Much of the starch that is found in foods in Western diets is readily
digested and incorporated into highly processed and reﬁned foods such as
bread, pizza and breakfast cereals. Processed foods present an opportunity
for food formulators to incorporate starch-based ingredients that have been
selected for their speciﬁc and simultaneous contribution to both nutritional
quality and food performance. For this reason RS ingredients offer enormous potential as functional food ingredients.
8.1.1 Relevance of resistant starch to weight management
RS appears to play two roles with respect to weight management. Firstly
there is a reduction in the digestible energy available from the RS
compared with a readily digestible starch. The presence of RS in foods
reduces their caloric density. Recently, research has demonstrated a second
role for RS in energy metabolism and metabolic control. The lower glucose
and insulin impact of RS causes changes in lipid metabolism that favor
lower levels of lipid production and storage. In addition, RS is fermented
within the large bowel by the indigenous colonic bacteria producing an
important range of compounds called short-chain fatty acids (SCFAs).
The amount and type of SCFA produced are proposed to affect carbohydrate and lipid metabolism in the body, particularly in the liver, muscle
and adipose tissue. The known effects of RS in relation to weight management are listed in Table 8.1. Each of these aspects will be discussed later in
this chapter.

8.2

Background

8.2.1 Deﬁnition of resistant starch
From a nutritional perspective, starches can be classiﬁed according to their
digestive fate in the gastrointestinal tract. Starches can be fully digestible
in the small intestine (either rapidly digested or slowly digested) or indigestible (resistant). Depending upon food consumption practices and individual
gastrointestinal processes, it is possible that some digestible starch may
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Table 8.1

Known effects of RS on parameters relevant to weight management

Resistant to digestion – does not contribute to available glucose
Decreased caloric contribution compared with digestible starch
Decreased macronutrient utilization
Decreased body fat accumulation
Decreased adipocyte volume
Increased lipid oxidation at the expense of carbohydrate oxidation
Decreased lipid production (lipogenesis)
Increased insulin sensitivity
Decreased glucose response
Decreased insulin response
Possible contribution to satiety

actually pass through the small intestine undigested and contribute to the
amount of RS.
Following the discovery that some starch resisted digestion, RS became
the subject of widespread attention by a collaborative group of European
researchers between 1990 and 1994, known collectively as EURESTA –
European FLAIR-Concerted Action on the ‘Physiological implication of
the consumption of resistant starch in man’. It involved 36 groups from 10
countries, and was organized into the following four areas: (1) deﬁnition
and analysis of RS; (2) RS production and technological impact; (3) physiological effects of RS, principally as they relate to the upper and lower
gastrointestinal tract; and (4) the energy contribution of RS (Brown et al.,
2001). Although an ofﬁcially recognized method to quantify RS did not
emerge from this extensive program, it did provide a signiﬁcant base for
subsequent RS research.
The EURESTA group proposed a deﬁnition for RS, namely: ‘Resistant
starch is the sum of starch and products of starch degradation not absorbed
in the small intestine of healthy individuals’ (Asp, 1992). Although this is
not a current regulatory deﬁnition, it has become widely accepted. The
deﬁnition proposed by EURESTA is a physiological and not a chemical
deﬁnition. As a consequence any measurement of RS must reﬂect how
much starch is digested and what occurs to starch in the body. RS is comprised of many chemically and physically distinct starch and starch-derived
materials.
RS is best measured in vivo in humans as the starch excreted at the terminal ileum of ileostomate subjects, as this directly accounts for individual
variation in the gastrointestinal tract management of starches. However,
this remains an estimate because ileostomates are not intact healthy individuals. The in vitro quantiﬁcation of the RS content of foods and ingredients employs enzyme-based methods that simulate the gastrointestinal
tract, such as that recommended by the Association of Ofﬁcial Analytical
Chemists (AOAC) which make reference to RS, dietary ﬁber and resistant
maltodextrins.
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Deﬁnitions of dietary ﬁber have recently been expanded by several
groups to recognize a larger range of dietary components that demonstrate
appropriate and deﬁned physiological behaviors. RS has been considered
a part of dietary ﬁber according to the deﬁnitions proposed by the
Institute of Medicine of the National Academies in the USA (IOM, 2002)
and the American Association of Cereal Chemists (AACC, 2001) according
to the speciﬁc physiological effects described. The Codex Alimentarius
Commission (FAO/WHO, 2005) has also proposed a deﬁnition for
dietary ﬁber that lists physiological effects, and if approved would also
recognize RS.
Dietary ﬁber represents a broad range of compounds, based on structure
and chemistry, and each component of dietary ﬁber should be individually
assessed for its role in the formulation of foods. RS has it own unique proﬁle
of physiological and food engineering beneﬁts that often recommend its
use when compared with other ﬁbers. Typically RS can be used to increase
the dietary ﬁber of foods with minimal changes to their appearance or
organoleptic properties.
8.2.2 Starch composition and arrangement
Starch is a heterogeneous group when considering structure and conformation, and so too is RS. In order to select appropriate RSs for food development, a basic understanding of starch chemistry is useful. All RSs share one
basic similarity – they are all glucose-based polymers. Starch is largely
composed of two glucose polymers, either the straight chain (amylose) or
the highly branched chain (amylopectin) (see Fig. 8.1). The chain type is
dictated by the type of linkages between the glucose monomers – i.e.
amylose contains essentially α-1→4 linkages and amylopectin contains both
α-1→4 and α-1→6 linkages which facilitate chain branching.
Both starch polymers can theoretically be enzymatically digested within
the small intestine. However starches with elevated levels of amylose tend
to have higher inherent resistance to amylolysis, particularly in their granular form. The most researched and commercially used form of RS is obtained
from high-amylose maize or corn and it is this material that has been used
in experiments to investigate the potential impact of RS in weight management regimes.
The digestibility of amylose and amylopectin differs because their polymeric conﬁguration and granule conformation confer a range of physical
properties (Table 8.2). These include chain length, molecular weight, melting
temperature and three-dimensional structure (e.g. helicity and crystallinity).
In corn, the polymeric conﬁguration also determines the properties of the
starch on cooking. For example, when heat and moisture are applied simultaneously (as in normal cooking procedures), the amylopectin-rich or waxy
maize starch loses its granular deﬁnition and undergoes gelatinization. In
either the granular or gelatinized state, the waxy corn starch is readily
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Fig. 8.1 Polymeric conﬁgurations of starch.

Table 8.2

Relative characteristics of amylose and amylopectin

Property

Amylose

Amylopectin

Polymeric arrangement
Linkage type
Degree of polymerization
Molecular weight
Melting temperature
Ultrastructure
Tendency to retrograde
Degree of resistance

Linear
α-1 → 4
Smaller
Smaller
Higher
Higher helicity
Faster
Higher

Branched
α-1 → 4 and α-1 → 6
Larger
Larger
Lower
Lower helicity
Slower
Lower

digested by amylases (Brown et al., 2003). In contrast, high-amylose corn
starch, as a result of its granule structure and conformation, resists gelatinization during most normal food processing conditions, such as in the
baking of bread, and contributes RS and dietary ﬁber to the food.
Other properties of starch are also known to contribute to their resistance. In nature, starch polymers are localized into granules. Granular morphology and surface properties differ between starch sources, and can affect
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enzyme interaction and hence the degree and rate of amylolysis. Many of
these differences are lost upon cooking, when most starch granules typically
gelatinize. One exception is high-amylose corn starch, which retains its
granularity under most normal cooking conditions.
8.2.3 Starch digestion and absorption
Fate of digestible starch
Most of the starch present in the diet is cooked and gelatinized. As such,
most dietary starch is easily digested, accounting for approximately 95% of
that consumed (Cassidy et al., 1994). Various diet, food processing and
physiological factors are known to affect starch digestion, and these are
listed in Table 8.3. Starch is digested/hydrolyzed enzymically and sequentially within the upper gastrointestinal tract (Gray, 1992, 2003; Levin, 1994).
In the mouth some starch is digested to maltose via salivary amylase. In the
small intestine, starch is initially digested in the lumen via pancreatic amylase
to smaller compounds that include maltose, maltotriose and branched limit
dextrins. Two more enzymes produced by the brush border (sucraseisomaltase and glucoamylase) further hydrolyze the starch products to
glucose which is actively absorbed through the enterocyte membrane. Most
dietary starch is absorbed as glucose to participate in energy metabolism
in the body.

Table 8.3
digestion

Food and physiological factors affecting the rate and extent of starch

Category

Detail

Food behavior

Type of starchy food eaten
Amount of starchy food eaten
Customs of food preparation and consumption
Amylose content
Granularity
Conformation
Loss of cellular and native plant structure
Processing conditions
Extent of gelatinization
Particle size
Other food components – antinutrients, viscous
ﬁber, fat
Health status
Individual physiological differences
Extent of chewing
Gastric emptying
Viscosity
Gastrointestinal transit time
Enzyme inhibition

Nature of the starch eaten
Food processing

Physiology
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Fate of resistant starch
RS is not digested, hydrolyzed or absorbed and so it does not contribute to
plasma glucose levels. Instead RS passes into the large bowel where it contributes metabolic energy through bacterially fermented and absorbed
SCFAs.
The large bowel is intensely populated with bacteria, with several hundred
species present at about 1011–1012 CFU/g dry weight (Cummings and
Macfarlane, 1991). These bacteria have a key role in salvaging undigested
energy from food residues via metabolic pathways that generate SCFAs –
such as acetate, propionate and butyrate. Some of the salvaged energy is utilized by the bacteria for growth but approximately 95% of the SCFAs are
absorbed (Cummings and Macfarlane, 1991) and provide energy to the body.
For example butyrate is the primary energy source for colonocytes and
acetate is mainly used by muscle tissue (Salminen et al., 1998). SCFAs provide
approximately 5–10% of our daily energy intake (Cummings, 1996).
Some of the RS is not fermented. The amount will depend on the type
of RS, how much RS has been consumed, the composition of the colonic
microﬂora, the digestive transit time and the health status of the individual.
As much as 22% of RS can be excreted unfermented from the body (Phillips
et al., 1995).
8.2.4 Types of resistant starch
As previously indicated, there are different types of RS. This is analogous
to dietary ﬁber, for which there are many different types and sources. Fibers
exhibit a broad range of physiological effects and so do RSs. Four classes
of RS have been described (Table 8.4) (Brown et al., 1995). Three are found

Table 8.4

Types of RS (from Brown et al., 1995)

Type of starch

Example of occurrence

Probable digestion
in the small
intestine

Rapidly digestible starch
Slowly digestible starch
Resistant starch
RS1: physically
inaccessible
RS2: resistant granules

Freshly cooked starchy food
Most raw cereals

Rapid
Slow, but complete

Partly milled grains and seeds

Resistant

Raw potato, green banana,
some legumes, and
high amylose corn starch
Cooked and cooled potato,
bread and cornﬂakes
Starch ethers, esters and
cross-bonded

Resistant

RS3: retrograded starch
RS4: chemically
modiﬁed starch

Resistant
Resistant

Resistant starch

181

in nature or are formed as part of normal cooking procedures while the
fourth class can be produced using chemical modiﬁcation methods that are
approved for use in foods. Commercial sources of RS-rich ingredients are
available for increasing the RS and/or dietary ﬁber content of foods and
these will be described later. RS ingredients from all four classes of RS are
available commercially.
•

•

•

•

Resistant starch type 1 (RS1). This type of starch is resistant because
the starch is physically trapped within the food matrix. Enzymes are
physically inhibited from reaching the starch. Milling or grinding foods
can release the starch, making it accessible and more digestible.
Resistant starch type 2 (RS2). This type of starch is naturally resistant
because of the nature of the starch granule. RS2 occurs in foods where
the starch is eaten raw (e.g. unripe bananas) or where the granules do
not gelatinize during cooking (e.g. high-amylose corn starch).
Resistant starch type 3 (RS3). This type of starch occurs when gelatinized starch is cooked and cooled. It can occur naturally during normal
food processing (e.g. cooked and cooled potatoes) or can occur during
the manufacture of RS-rich ingredients.
Resistant starch type 4 (RS4). This type of starch is prepared by the
introduction of chemical bonds to the starch polymer that interfere with
the action of the digestive amylases. The inhibition is dependent upon
the type and extent of the bonding. Chemistries that inhibit amylolysis
can include dextrinization, etheriﬁcation, esteriﬁcation and oxidation,
and cross-linking with difunctional reagents, and can markedly affect
the food engineering functionality contributed by the RS to the food,
e.g. solubility and process tolerance.

8.2.5 Sources of resistant starch
RS is a natural part of our diet but the quantity of RS consumed in foods
can vary depending on the amount and type of starch present, how the food
was processed, how it was stored before consumption and how it was
ingested. RS can constitute as much as 18% of the dry mass of a food
(Englyst et al., 1992). However although some foods are relatively high in
RS, these foods are not typically consumed on a large scale, hence the need
for RS-enriched foods. RS levels present in some common foods range from
as low as 1% of the dry matter in white bread, to 5% in hot boiled potatoes
(Table 8.5).
Intakes of RS are estimates only due to a lack of internationally agreed
methodologies and limited RS values for commonly consumed foods. There
are no national food composition databases that contain an exhaustive list
of the RS content of starchy foods. However, irrespective of these sources
of variation the estimated levels of RS intakes in Western countries are
consistently lower than for traditional and less-processed diets. For example
in Western countries RS intakes could range between 3 and 9 g/day (see
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Table 8.5

RS content of common foods (from Englyst et al., 1992)

Food
White bread
Wholemeal bread
Cornﬂakes
Porridge oats
Ryvita crispbread
Boiled potato (hot)
Boiled potato (cold)
Spaghetti (freshly cooked)
Spaghetti (cooled)
Peas (frozen, boiled 5 min)
Lentils (boiled 20 min, cold)
Haricot beans (boiled 40 min)

Dry matter (%)

RS (g/100 g dry matter)

54.5
52.0
95.8
90.7
94.3
22.8
23.8
28.3
34.7
18.3
28.3
41.4

1
1
3
2
3
5
10
5
4
5
9
18

Table 8.6), with the largest source of RS being from cereals; in contrast, in
China estimated RS intakes could reach closer to 20 g/day. Recent research
has demonstrated a rationale for increasing RS intakes, particularly for
designing foods for weight management. Even though some food processing techniques form RS, e.g. cooking/cooling processes, most RS has been
removed from the diet by ingredient and food processing techniques.
Commercial RS ingredients are an ideal choice for enriching RS intake in
the diet. Currently, RSs from all four classes are commercially available.
Each type of RS has different physiological properties, so supporting evidence should be independently evaluated for each individual ingredient.
The RS ingredients prepared from high-amylose corn are currently the best
characterized, both physiologically and for food functionality, of those commercially available.

8.3

Role of resistant starch in weight management

8.3.1 Weight management, direct evidence
RS is by its very nature indigestible and so does not contribute directly to
plasma blood glucose levels. Therefore, replacing digestible starch with RS
is a natural ﬁt for low-glycemic foods and diets. In a 2003 report, the World
Health Organization (WHO) reviewed the strength of evidence on various
factors that might promote or protect against weight gain and obesity. They
assessed the totality of evidence, including randomized controlled trials
(highest ranking), associated evidence and expert opinions. This group
advised that based on the available evidence there is a ‘possible’ decreased
risk of weight gain and obesity with low-glycemic-index foods.
Few studies have looked at the impact of low-glycemic diets on weight
loss or maintenance, by directly measuring body weight or body mass index
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Estimated consumption of RS worldwide

Country

Estimated intake (g/day)

Reference

Australia

5 female, 5.3 male (36% cereals,
26% vegetables, 22% fruits)
3.4–9.4 range
8 g/10 MJ
8.6 g/10 MJ
3.99
20 g/10 MJ
3.67
3.97
4.11
3.73
3.75
10
8.5 (7.2 g north-west, 9.2 g
south)
5.29
5.7
3.22
5.74
3.36
3.2 (1.3 g bread, 1.2 g potatoes)
4.38
2.76

Baghurst et al., 1996

Belgium
China
Denmark
England
Europe, mean
France
Germany
India
Italy
Netherlands
New Zealand
Norway
Spain
Sweden
Switzerland
UK

Roberts et al., 2004
Muir et al., 1998
Walker et al., 1997
Dysseler & Hoffem, 1994
Muir et al., 1998
Dysseler and Hoffem, 1994
Dysseler and Hoffem, 1994
Dysseler and Hoffem, 1994
Dysseler and Hoffem, 1994
Dysseler and Hoffem, 1994
Platel and Shurpalekar, 1994
Brighenti et al., 1998
Dysseler and Hoffem, 1994
Baghurst et al., 1996
Dysseler and Hoffem, 1994
Dysseler and Hoffem, 1994
Dysseler and Hoffem, 1994
Elmstahl, 2002
Dysseler and Hoffem, 1994
Tomlin and Read, 1990

(BMI). However, those that have generally indicate a positive role for
low-glycemic diets. Ebbeling et al. (2003) compared low-glycemic-load
dietary advice with low-fat dietary advice in a group of young people aged
13–21 years with a BMI greater than the 95th percentile. The authors
observed a lower BMI with the low-glycemic group after 12 months
(6 month intervention plus 6 month follow-up). This supports observations
from a US cohort of adults, where glycemic index but not total carbohydrate
intake was positively associated with BMI, indicating a role for carbohydrate type over amount (Ma et al., 2005). In shorter-term studies (6 weeks
to 4 months), a comparison of low-glycemic-index with high-glycemicindex or low-fat diets showed lower weight and/or BMI with the lowglycemic-index diet (Slabber et al., 1994; Spieth et al., 2000; Jimenez-Cruz
et al., 2003).
Studies such as those mentioned above support a role for low-glycemic
foods in weight management. More long-term clinical trials in which RSenriched foods are included are needed to establish this association with
greater certainty, particularly for weight loss. However a wealth of associated supporting evidence exists that indicates a clear role for RS in weight
management, particularly when digestible starch in foods is at least partly
replaced by RS. This evidence will be discussed here.
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8.3.2 Weight management, supporting evidence
RS is associated with nutritional, metabolic and physiological changes
that make it an attractive ingredient not only for weight management
(Table 8.1), but also for other chronic diseases associated with the metabolic
syndrome such as dyslipidemia, insulin resistance, type 2 diabetes, hypertension and coronary heart disease (Higgins, 2004). Previously a role for RS
was attributed to reduced digestibility, and the impact of lower glucose
absorption. More recent research, however, indicates a broader health
impact of RS on metabolism, via fermentation of RS to SCFAs in the large
bowel. Fermentable carbohydrates have their own unique fermentation
proﬁle, in terms of relative type and amount of SCFAs. Hence the metabolic
impact of fermentation will differ between RS and other ﬁber types. The
hypothesized interaction between fermentation by-products and target
metabolic tissues will evolve as more mechanistic information becomes
available.
Energy value
Foods containing RSs have a lower caloric density than similar foods with
digestible starch because RS does not contribute available glucose to the
body, and RS increases energy wastage (excretion). However, contrary to
expectation, commercial RSs do contribute some metabolic energy for two
reasons in particular.
•

•

Commercial RS ingredients typically contain some digestible starch.
That is, there are no commercial ingredients currently available that are
100% RS. The higher the RS contribution to the ingredient, the lower
the caloric contribution.
Most of the SCFAs generated by colonic bacterial fermentation of the
RS will be absorbed and made available for further metabolism. All
ﬁbers that are fermented in the body will contribute some energy
through SCFAs.

Typically the energy contribution of RS ingredients is approximately onethird lower than for digestible starches. Reported values will differ between
methodologies and ingredients.
Digestible energy: Digestible energy is typically measured as dietary energy
less fecal energy. An RS ingredient would be expected to have lower digestible energy because it is partially indigestible, contributes to fecal bulking
and increases excretion of other nutrients. Behall and Howe (1996) from
the US Department of Agriculture (USDA) reported that high-amylose
corn RS2 had 67% of the partial digestible energy of regular cornstarch, at
11.7 kJ/g. This was supported in rats, with the digestible energy contribution
from high-amylose corn RS3 being 62% of that from wheat starch (Aust
et al., 2001). These values refer to both the digestible and resistant fractions
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of the RS ingredient. Although the energy value of the RS fraction alone
was calculated to be 8.9–9.2 kJ/g (Mathers, 1992) and was measured as
15 kJ/g for corn or 12 kJ/g for potato (Livesey et al., 1990), this energy generated via fermentation does not contribute signiﬁcantly to whole-body
energy (Cummings, 1996).
RS is known to increase energy wastage (excretion) from the gastrointestinal tract. Rats fed high-amylose corn RS2 and RS3 had increased
fecal energy (de Schrijver et al., 1999). The increased energy wastage
would be partially contributed by increased excretion of lipids (de
Deckere et al., 1995), which was measured when rats were fed high-amylose
corn RS2.
Metabolic energy: Lower metabolic energy of raw potato RS2 was shown
in humans by Tagliabue et al. (1995), with 60% reduction in thermic effect.
Results are inconsistent in animal studies, possibly due to differences in
physiology, particularly fermentative capacity between species (Andrieux
and Sacquet, 1986; de Schrijver et al., 1999).
Body composition and lipid storage
Not only BMI, but also body composition and regional differences in lipid
deposition are associated with increased risk of chronic disease. Incorporating
RS into foods lowers body lipid composition and distribution, principally
via reduced lipogenesis (lipid production) and increased lipid oxidation
(lipid utilization).
Body composition: The ability of RS to lower body lipid composition has
been shown consistently across animal studies, indicating that the value of
RS in foods for weight management extends beyond lower digestibility into
a metabolic role. RS2 from high-amylose corn and potato causes lower body
lipid accumulation (Williamson et al., 1999; Pawlak et al., 2004), and more
speciﬁcally lower epididymal pad weight in the abdomen following consumption of various sources of RS (de Deckere et al., 1993, 1995; Pawlak et
al., 2001; Kishida et al., 2001; Zhou and Kaplan, 1997). Conﬁrmatory studies
in humans are underway. RS has also been shown to impact the cellular
morphology of adipose tissue, with rats fed mung bean RS2 having smaller
adipocyte size (Lerer-Metzger et al., 1996; Kabir et al., 1998b). It has also
been demonstrated that the consumption of RS2 from high-amylose corn
in rats could not only reduce the body’s lipid composition but also increase
its muscle mass (Kiriyama, 1996).
Lipid storage and associated metabolism: Selective changes in body lipid
storage could be associated with the affect of RS on insulin and hence
insulin-regulated pathways, such as glucose utilization and lipid metabolism
in adipose tissue. Lipogenesis (lipid production) from glucose conversion
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was lower in adipocytes for rats fed RS from mung beans (Kabir et al.,
1998b). This could be explained by lower expression of GLUT4, the protein
responsible for insulin-stimulated glucose uptake, and lower fatty acid synthase activity and expression, the enzyme responsible for the rate-limiting
step in lipid synthesis, in the adipose tissue of rats fed high-RS diets (Kabir
et al., 1998a).
Morand et al. (1994) investigated a role for corn-based RS in hepatic
lipid and carbohydrate metabolism, and showed that lipogenesis (lipid production) as well as glycolysis was also lower in hepatic tissue. Gluconeogenesis
was favored, which is also antagonistic to lipogenesis. Reduced lipogenic
enzyme activities included: glucose-6-P dehydrogenase and malic enzyme,
which are known for their role in supplying NADPH; ATP citrate lyase,
which provides acetyl coenzyme A (CoA); acetyl CoA carboxylase, the key
enzyme of lipogenesis; and fatty acid synthetase. Reduced glycolytic enzyme
activities included glucokinase and pyruvate kinase activity; with higher
gluconeogenesis activity via the rate-controlling enzyme phosphoenolpyruvate carboxykinase (PEPCK).
In the study by Morand et al. (1994), in which most lipogenic enzymes
were inhibited, acetyl CoA synthetase activity was not affected by RS.
This suggests a role for the SCFA acetate in liver metabolism. Higgins
(2004) noted that acetate can inhibit glycogenolysis, further suggesting a
mechanistic role for SCFA to spare carbohydrate oxidation, potentially
promoting lipid oxidation, thereby reducing lipid storage in response to RS
consumption.
Lipid oxidation: Evidence supporting increased lipid oxidation with highRS diets will be described in detail in the following section.
Whole-body energy metabolism
RS has been shown to impact whole-body energy metabolism via at least
three measurements:
•
•
•

lower respiratory quotient (RQ);
lower diet-induced thermogenesis (DIT);
lower energy expenditure (EE).

Effects in the short term are probably due to the lower supply of available
carbohydrate in RS-rich meals, and the direct effect on carbohydrate and
lipid oxidation. In the longer term, effects could be due to a contributory
role of SCFAs in metabolic substrate selection.
Respiratory quotient: RQ is a comparative measure of oxidative substrate
selection, i.e. carbohydrate oxidation relative to lipid oxidation. When the
RQ is lower there is relatively more lipid oxidation. Lower RQ or delta RQ
up to 5–6 h after a meal was reported with high-amylose corn based and
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raw potato based RS2 in two human studies (Tagliabue et al., 1995; Higgins
et al., 2004). Over 23–24 h this was supported in rats (Aust et al., 2001), but
not in humans (Howe et al., 1996; Achour et al., 1997).
Diet-induced thermogenesis: The calculated difference between postprandial metabolic rate and resting metabolic rate can be used to represent DIT,
a ‘tax’ on dietary metabolism. Tagliabue et al. (1995) demonstrated that
when raw potato RS2 replaced pregelatinized potato starch, DIT was lower
in the ﬁrst 5 h after meal consumption. This is attributed to the lower availability of starch for digestion and metabolism. This was not supported over
a longer 8-h time period in the human study by Achour et al. (1997), which
also did not observe a change in RQ.
Energy expenditure: The impact of RS on EE is less conclusive than for
DIT and RQ, with only one study available to report on each of the absorptive, postprandial and total 24 hours periods following a meal. Tagliabue et
al. (1995) reported a lower EE in the postprandial period, when raw potato
RS2 replaced pregelatinized potato starch in a meal. This is probably due
to the lower available starch content of the meal.
Carbohydrate versus lipid oxidation: The choice of substrate for energy
metabolism affects RQ and DIT. RQ is lower when the balance of lipid:
carbohydrate oxidation shifts towards lipids. Studies with RS have demonstrated a shift towards increased lipid oxidation, which may be important
for weight management because reduced rates of lipid oxidation have been
linked with greater weight gain (Brand-Miller et al., 2002).
When potato RS2 was fed to humans, glucose oxidation was lower and
lipid oxidation higher, associated with a lower RQ (Tagliabue et al., 1995).
Increased lipid oxidation relates to both total and meal lipid, as demonstrated by Higgins et al. (2004) who observed a 23% increase in meal lipid
oxidation with as little as 5.4% RS in a single meal. Studies in animals
support an effect of RS on substrate oxidation – high-amylose RS3 lowered
RQ by lower carbohydrate oxidation (Aust et al., 2001). Mechanistically
these observations are probably related to the effects of RS on cellular
metabolism described previously.
Insulin response and sensitivity
Insulin sensitivity: Insulin is an important regulatory hormone, contributing
to carbohydrate, lipid and protein metabolism. Most importantly, insulin is
key for glucose homeostasis, regulating glucose uptake by muscle and
adipose tissue. Insulin resistance, deﬁned as a sub-optimal biological
response to insulin (Hulman and Falkner, 1994) is a characteristic feature
of the metabolic syndrome, and is known to develop as people age. High-
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amylose corn RS2 enhances insulin sensitivity, assisting the body to handle
dietary carbohydrate better (Robertson et al., 2003, 2005). Furthermore, in
rats, dietary starch type has an important affect on the development of
insulin resistance. Rats fed high-amylose corn RS2 were protected against
developing insulin resistance for more than three times as long as for rats
fed low-RS starch or glucose – up to 26 weeks versus only 8 weeks (Byrnes
et al., 1995; Higgins et al., 1996).
Glucose response: Postprandial glucose and insulin response inﬂuence
insulin sensitivity (Higgins, 2004). One of the most consistent effects of RS
is the ability to lower glucose response, with many groups reporting
decreased postprandial response when RS replaces digestible starch in
foods (Higgins, 2004). This has been observed in non-diabetics, type 2 diabetics and various animal models. The magnitude of this effect is particularly dependent upon two considerations, namely the RS amount relative
to other carbohydrates present in the cooked foods as eaten, and the RS
type with higher-amylose starches being more effective.
Behall and Hallfrisch (2002) fed breads made with corn starches varying
in amylose content from 30–70%. The higher the amylose content, the
greater the RS content, hence the lower the effect on glucose response.
Overall, bread made with 70% amylose starch had the greatest impact on
the reduction in the postprandial plasma glucose response. Furthermore,
Brown et al. (1995) demonstrated that the amount of RS ingredient included
in the bread relative to other carbohydrates already present is an important
consideration for obtaining a measurable impact on glucose response. White
bread with 5% replacement of ﬂour with high-amylose corn RS2 had a
relative glycemic response of 95 (versus 100 for a commercial bread). Bread
with higher ﬂour replacement levels had a more marked response, with 10%
and 20% ﬂour replacement reducing the relative glycemic response to 74
and 53 respectively.
Insulin response: Insulin is a regulatory hormone for glucose homeostasis,
therefore the lower glucose response observed with high-RS foods, causes
a lower blood insulin response. In studies where RS has replaced digestible
starch, many have reported a decreased postprandial insulin response
(Higgins, 2004). Insulin levels may be predictive of weight gain (Ludwig,
2000). Furthermore, hyperinsulinemia in association with hyperglycemia,
could reduce insulin sensitivity via mechanisms such as down-regulation of
insulin receptors in muscle tissue and increased plasma free fatty acids
(Higgins, 2004). SCFAs may also assist in increasing insulin sensitivity, by
lowering free fatty acids (Higgins, 2004).
In the assessment of breads made with starches with increasing amylose
content described above (Behall and Hallfrisch, 2002), high-amylose corn
RS2 (60–70% amylose) had the greatest impact on insulin response reduc-
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tion. Furthermore, RS is known to be dependent upon food processing, with
high-amylose corn RS2 being more tolerant to normal cooking conditions.
Brown et al. (2003) compared uncooked and cooked rat diets containing
corn starches with 0–85% amylose. While insulin response was lower for
uncooked starches with 27–85% amylose, only the 60–85% amylose corn
RS2 lowered insulin response following cooking.
Satiety and related observations
Short-term studies indicate that low-glycemic versus high-glycemic
meals can increase satiety and/or reduce subsequent hunger, as determined by visual analog scales or measurement of subsequent energy
intake. After controlling for energy intake, macronutrient content,
energy density and palatability, people consumed on average 29% less
energy after low-glycemic meals than after high-glycemic meals (Roberts,
2000).
When high-amylose RS2- and RS3-containing meals were fed in two
studies, people reported increased satiety (Jenkins et al., 1998), particularly
in the postabsorptive period (Achour et al., 1997). Effects of RS on other
observations relevant to satiety – such as appetite, fullness and satisfaction
– are less consistent. van Amelsvoort and Weststrate (1992) fed subjects
meals with high-amylose corn and rice, and reported increased satisfaction
and fullness, with reduced hunger and desire to eat. de Roos et al. (1995)
fed high-amylose corn RS2 and reported reduced appetite for a meal or
snack. However, other studies were less supportive of these and other
descriptors (Weststrate and van Amelsvoort, 1993; Raben et al., 1994; de
Roos et al., 1995).
The lack of consistency for subjective satiety questionnaires is not surprising as many food factors other than RS content contribute to satiety
descriptors; these food factors are often not adequately controlled for,
thereby making interpretation difﬁcult. More research based on objective
measurements, such as satiety hormones, is warranted.

8.4

Increasing the resistant starch content of foods

8.4.1 Commercial ingredients
The ﬁrst commercially available RS ingredient was a high-amylose corn
RS2 released in Australia in 1993, called Hi-maizeTM starch, with a dietary
ﬁber content of 30%. Since then, the number and type of RS ingredients
has increased. Today, commercial sources of RS1, RS2, RS3 and RS4 are
available. Each RS ingredient will have a unique proﬁle of physiological
and technological functionality, and so should be considered accordingly.
For example using AOAC total dietary ﬁber methods, RS ingredients can
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differ in their dietary ﬁber contents from >60% for RS2 made from highamylose corn starch, to 0–30% for RS3 made from tapioca or high-amylose
corn starch. RS4 has been prepared using various techniques, for example
by acid hydrolysis or dextrinization to produce a soluble material while
more recently RS4 chemically modiﬁed starches have been prepared from
various starch bases using difunctional phosphate reagents. Depending on
the country, some of the RS4 materials are considered novel foods that must
seek ofﬁcial regulatory approval.
Some properties that differ between commercial RS ingredients
include:
•
•

•
•
•

•
•

the relative ratio of digestible to indigestible starch – some ingredients
are higher in RS (and/or total dietary ﬁber) than others;
the methodology that can be used to determine the resistant component
– different ingredients will use different methods to quantify the RS
and/or dietary ﬁber content (e.g. AOAC 985.29, 991.43, 2002.02, 2001.03),
not all of which are approved by local regulatory bodies;
whether the RS and/or dietary ﬁber content of the ingredient is preserved in the food as eaten;
the physiological outcome – as for other ﬁbers (e.g. soluble versus
insoluble), different RS ingredients behave uniquely within the body;
the level of supporting evidence – more established RS ingredients
such as RS2 and RS3 from high-amylose corn have a broad body of
scientiﬁc evidence available to support their inclusion into functional
foods while newer forms of RS may have little or no supporting clinical
evidence;
the contribution of the starch to technological functionality – different
RS ingredients have different technological characteristics, which favor
certain food applications;
impact on the organoleptic properties of foods – RSs from various
sources will affect sensory dimensions such as taste in different ways.

Most evidence for the health beneﬁts of RS has been demonstrated using
high-amylose corn RS2, largely due to its process tolerance and ease of
incorporation into foods relative to other sources of RS and dietary ﬁbers.
Table 8.7 describes some important digestive health beneﬁts attributed to
high-amylose corn RS2.
8.4.2 Formulating foods with resistant starch ingredients
RS is found in starchy foods that we eat every day, but the amount present
is very small. Ingredients rich in RS can be used to increase the RS content
of a wide variety of foods including breads, buns, breakfast cereals, extruded
foods, cereal bars, pasta, noodles, biscuits, confectionery, beverages and
yogurt. These ingredients can increase the RS content, increase the total
dietary ﬁber content, add physiological beneﬁt and improve food quality.
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Table 8.7 Important digestive health beneﬁts of high-amylose corn RS2
ingredients (modiﬁed from Brown et al., 2000, and Brown, 2004)
General physiological
highlight
Improved bowel health

Prebiotic

Culture protagonist
Increased absorption of
micronutrients
Potential for protection
against bowel cancer
Synergistic interactions
with other dietary
components
Tolerance

Speciﬁc physiological effect
Controlled fermentation
Cecal bulking, increased fecal weight
Increased production of colonic SCFAs
Reduced intestinal pH
Reduced levels of secondary bile acids and
ammonia
Cecal bulking, increased fecal weight
Reduced symptoms of diarrhea
Selectively utilized by biﬁdobacteria
Promotes growth of beneﬁcial indigenous
microbes – lactobacilli and biﬁdobacteria
Promotes probiotic growth and activity
Reduced pathogenic bacteria levels
Elevated colonic butyrate levels
Improves yield of probiotic cultures during growth
Improves survival of probiotic cultures during
processing, in foods, in vivo
Calcium
Increased butyrate production
Increased apoptotic index
Decreased levels of cytotoxic compounds
Protein, probiotics, lipids, fructo-oligosaccharide
Tolerated at high levels

The functional properties of high-amylose corn RS2 relevant to food use
are listed in Table 8.8. RS ingredients are incorporated into many commercially available foods. The most successful foods have capitalized on the
ability of RS to deliver high-quality ﬁber-enriched foods, with potential
physiological beneﬁts. Selected RS ingredients show good promise for
inclusion into the following foods:
•

baked goods – due to low water absorptive capacity relative to other
ﬁbers, which causes less disruption of crumb structure, improved loaf
volume, lighter crumb color and more even color;
• extruded high-ﬁber breakfast cereals – due to reduced bulk density,
improved expansion, extended bowl life and crispiness;
• dairy foods – due to enhanced viability of probiotics during
manufacturing.
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Table 8.8
2004)

Functional properties of high-amylose corn RS2 ingredients (Brown,

Natural
Source of dietary ﬁber and RS
White
Fine particle size (average granule size is <10 µm)
High gelatinization temperature
Low water absorption compared with some other dietary ﬁbers
Extrudes well. Excellent ﬁlm-forming properties
Can give low bulk density, high-ﬁber products
Improves coating crispness
Improves the bowl life of breakfast cereals

8.5

Sources of further information and advice

There are now some extensive independent reviews available that describe
the physiological effects of RS; some of these are listed below.
•

British Nutrition Foundation: Nugent A P. Health properties of resistant
starch. Nutrition Bulletin 2005, 30:27–54.
• Association of Ofﬁcial Analytical Chemists: Journal of AOAC
International, Special Guest Editor Section, Eds: B V McCleary and I L
Brown, 2004, 87:682–796.
• Commonwealth Scientiﬁc and Industrial Research Organisation:
Baghurst P A, Baghurst K I and Record S J. Dietary ﬁbre, non-starch
polysaccharides and resistant starch. A review. Supplement to Food
Australia 1996, 48:S1–S36.
• Topping D L and Clifton P M. Short-chain fatty acids and human colonic
function: roles of resistant starch and nonstarch polysaccharides.
Physiological Reviews 2001, 81:1031–1064.
• Bird A R, Brown I L and Topping D L. Starches, resistant starches, the
gut microﬂora and human health. Current Issues in Intestinal Microbiology
2000, 1:25–37.

8.6

Future trends

Research over the past 20 years has helped to establish RS as a valuable
ingredient for functional food development. Most research has focused on
the distinctive digestive health beneﬁts for RS, to position it as a unique component of dietary ﬁber. However, a role for RS has also been established in
the area of energy metabolism, as described in this chapter. In the future new
research will emerge to elucidate a mechanistic understanding of this role.
Future functional food development will aim to leverage nutritional
attributes of all the components present in the food, i.e. to truly formulate
specialty functional foods as opposed to enriching existing foods with func-
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tional ingredients. RS is uniquely positioned to support the creation of
multi-beneﬁt functional foods, through its cross-sectional beneﬁts and its
synergies with other food ingredients such as protein, lipid, ﬁbers and probiotics. Future weight management approaches will be multi-functional to
address diverse etiologies, so a multi-beneﬁt ingredient like RS is an ideal
ingredient of choice.
Until recently RS ingredients have mostly been insoluble, and so ideally
suited for bakery applications. Recent demand for RS as a functional ingredient has grown, so new ingredients will emerge that are suitable for a
broader range of applications. As RSs are such a diverse and heterogeneous
group of compounds there will undoubtedly emerge new RS ingredients
with discrete health-promoting attributes.

8.7

Conclusion

Dietary starch in general and RS in particular are being re-assessed for their
contribution to health. A wealth of information collected over 20 years of
research, from human and animal studies, supports the use of RS ingredients to enrich new and existing foods. Consumer research highlights the
importance of food quality as a major determinant of consumer choice. RS
is a versatile option for formulating high-quality foods with added physiological beneﬁts for enhancing their marketability. In the area of weight
management, RS is an ideal ingredient choice. Favorable caloric, metabolic
and hormonal parameters combine to affect not only energy intake but also
energy metabolism. Future research will uncover mechanistic rationales for
how RS-rich foods contribute, in particular, to improve insulin sensitivity
and reduce lipid metabolism and lipid storage.
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Modiﬁed carbohydrates with lower
glycemic index
B. R. Hamaker, G. Zhang and M. Venkatachalam,
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9.1

Introduction

Glycemic index (GI) relates to the blood glucose proﬁle seen over a period
of 2 h after consumption of a starch-based or sugar-containing food. It is
measured as the area under the curve for a given amount of available carbohydrate in a test food as compared with a reference food (usually glucose
or white bread) (Wolever et al., 1991). GI, as well as glycemic load, which
accounts for the amount of such food consumed in relation to the total diet,
has been studied and may relate to a number of disease and pre-disease
conditions such as diabetes and pre-diabetes, cardiovascular disease, cancer,
obesity; it may also relate to energy expenditure and activity level (Ludwig,
2002; Brand-Miller, 2003; Aston, 2006). While some controversy exists in the
nutrition and medical communities on nearly all of these relationships,
much research has been and continues to be conducted to elucidate the
health consequences of GI.
There is a range of GI values in foods. A comprehensive table was
recently published by Foster-Powell et al. (2002). Starch, being the principal component in most staple foods such as cereals and tubers, is the
major food carbohydrate contributing to postprandial glycemia. However,
depending on the food source, other carbohydrates can contribute to the
glycemic response, such as sucrose, lactose, high-fructose corn syrup, and
maltodextrins. For the purposes of this chapter, the discussion of modiﬁed
carbohydrates with lower GI will focus on starch-based foods and food
products.
From a nutritional standpoint, Englyst et al. (1992) classiﬁed starch into
three categories based on digestion times in in vitro digestion assays: rapidly
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digestible starch (RDS) was digested in 20 min, slowly digestible starch
(SDS) was digested in between 20 and 120 min, and resistant starch (RS)
was undigested at 120 min. Foods with a high proportion of RDS have a
high GI value based on a correlative relationship between RDS and GI
(Englyst et al., 1996). The rapid increase in blood glucose levels from
RDS triggers the secretion of insulin from pancreas beta cells that
promotes glucose uptake by muscle and adipose tissues to maintain blood
glucose homeostasis; if the increase in postprandial glycemia is pronounced,
this usually generates a hypoglycemic episode between 1 and 2 h
after consumption of RDS. In contrast, SDS is that portion of starch that is
digested slower than RDS, implying that it is digested throughout the
small intestine to provide a slow and prolonged release of glucose. Such a
moderated and controlled release of glucose may place less stress on the
blood glucose regulatory system. Resistant starch is that portion of
starch that is not digested in the small intestine. However, it is digested by
colonic microﬂora enzymes and then fermented to produce short-chain
fatty acids (acetic, propionic, and butyric) that have been shown to be
beneﬁcial to colonic health (Bird et al., 2000). Thus, the nutritional quality
of starch-based foods that is attributed to RDS, SDS, and RS depends
on the relative amounts of these fractions. A low-GI starch ingredient
should contain lower amounts of RDS, and a higher proportion of SDS
and RS. The emphasis of this chapter is on methodologies to create SDS
and RS.
The opportunity to alter the GI of foods can be viewed from a number
of perspectives. The most obvious is the form in which the food is eaten. A
simple example would be that white bread made from reﬁned wheat ﬂour
is essentially as rapidly digested and absorbed as glucose itself, while the
same ﬂour made into pasta is absorbed at a much slower rate. This difference can be attributed to the ‘food form’, where the former has starch that
is readily accessible to digestive enzymes and in the latter it is less accessible
due to a combination of a protein matrix effect and the density of the food.
Starchy foods will also change in GI depending on food processing conditions (e.g. degree of starch gelatinization related to temperature and water
content, degree of shear, cooling rate, and time) and storage (factors related
to starch retrogradation) (Björck et al., 2000; Fernandes et al., 2005). There
are many such examples and food form is a large factor to be considered
when designing low-glycemic products. Starch itself, being composed of the
complex molecules of amylose and amylopectin, can be altered structurally
to moderate its digestion rate. In this regard, changes to its molecular architecture at various stages of food processing and storage affect its susceptibility to digestive enzymes. Additionally, other non-starch components in
the food can lower starch digestion rate by inﬂuencing gastric emptying and
luminal viscosity, or can inhibit amylases, all of which affect postprandial
glycemia. The various approaches to producing carbohydrates with comparably low GI are described below.
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9.2

Methods of producing carbohydrates with lower
glycemic index

Based on the current Dietary Guidelines for Americans 2005 (USDA,
2005), dietary carbohydrates should provide 45–65% of total calories.
Dietary carbohydrates, structurally, can be divided into monosaccharides,
disaccharides, oligosaccharides, and polysaccharides. α-1,4- and 1,6-linked
glucans (such as starch and maltodextrins) are digestible by human enzymes,
while dietary ﬁber – including some oligosaccharides (like inulin) and nonstarch polysaccharides (like pectins, hemicelluloses, cellulose) – cannot be
digested by the human body. The majority of starches in cooked and processed foods are rapidly digested and produce high postprandial glycemia.
Starches that digest slowly result in a moderated glycemic response and
may provide extended energy to an individual. A challenge facing researchers in the public and private sectors is to create such slowly digestible
starches with low GI as an ingredient for typically high-GI processed foods,
or as new food products, or, through genetics, to be naturally present in
starchy foods. Some examples and basic theories will be discussed in this
section.
Currently available food products with low-GI properties are not well
deﬁned. While RDS, SDS, and RS are deﬁned by in vitro digestion times,
the structural or other component requirements of each starch grouping
are not well understood. For example, RDS has no special structural component associated with fast digestion and generally can be viewed as readily
accessible to starch-degrading enzymes. RSs, on the other hand, often
consist of highly ordered crystallites that are difﬁcult to digest, physically
hindered, or chemically modiﬁed. The starch structure or other factors
leading to SDS, however, are not well understood. The complexity of factors
leading to the creation of an ‘SDS state’, that is the food form wherein
starch has a slow digestion property, is shown in Fig. 9.1. Further investigation of the requirements of the SDS state is needed for its better understanding and preparation. This is particularly so because SDS, compared
with RS, is more related to the glycemic response as it alone both reduces
the initial postprandial glycemic peak and provides extended glucose release
over time for perhaps the optimal glycemic response.

9.3

Slow-digestion and digestion-resistant characteristics of
raw starch

9.3.1 Native starches
Native starch naturally exists in the form of starch granules with different
shapes, sizes, and surface properties. X-ray diffraction can be used to classify
starches into A-, B-, and C- (combination of A and B) types based on the
packing of the semicrystalline structures of starch granules. Most cereal
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Fig. 9.1 Factors leading to the SDS state.

starches (maize, wheat, rice) are of the A-type, tuber starches (potato, yam)
are B-type, and legume starches (kidney bean, soybean) normally belong
to C-type. Some A-type starches (maize, sorghum, millets, and large granules of wheat, rye, and barley at the equatorial groove) have surface
pores connected to interior cavities through channels (Fannon et al., 1992).
There are no such surface pores in B-type starch granules. This macrostructural difference between native starch granules has importance during
digestion as starch-digesting enzymes enter the pores and channels and
digest the granules in an inside-out manner. As far as the nutritional quality
of starch is concerned, native A-type starches inherently have a high amount
of SDS while native B-type starches are essentially resistant (high RS)
(Ferguson et al., 2000), based on the in vitro Englyst assay (Englyst
et al., 1992). In an in vivo study, Seal et al. (2003) clearly showed the changes
in blood glucose levels after consumption of native maize starch (Fig. 9.2),
producing a typical proﬁle of SDS. There have been two patents (Axelsen
and Smith, 2001; Qi and Tester, 2005) on SDS in which native A-type
starches were used as the sole ingredient to prepare medical foods for treatment of glycogen storage disease (GSD1) (Chen et al., 1984) and other
diabetic conditions.
Our own investigation of native starch digestion properties shows that
A-type native maize starch is a near-ideal SDS source (Zhang et al., 2006a,b).
This is because native granules, at any given time point of digestion in the
Englyst assay, provide similar RDS, SDS, and RS amounts, and thus continue to provide slow release of glucose over an extended period of time.
It is well known that the semicrystalline structure of starch granules is
composed of alternating concentric layers of ordered and dense crystalline
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Fig. 9.2 Change from baseline in plasma glucose concentrations with time after
consumption of 50 g rapidly hydrolysed (䉱) and 50 g slowly hydrolysed (䊏) native
maize starch for healthy subjects (from Seal et al., 2003).

regions and less ordered amorphous regions (also called amorphous background) from the hilum to the surface of the granules. This is considered a
lamellar structure. Based on our investigation (Zhang et al., 2006a), the
surface pores and interior channels are the starting points for enzymic
digestion, and gradually the amorphous background and dense crystalline
regions are evenly digested by enlarging the interior channels through a
side-by-side digestion mechanism from the inside of the granule to the
outside. This is the mechanism for the slow digestion property of A-type
maize starch and could conceivably be replicated in other food materials
to create a similar digestion effect. B-type starches have a somewhat similar
granular structure with different crystalline and amorphous arrangements,
but there are no surface pores or interior cavities. Thus, digestion occurs
through pitting from the outside of the starch granules. Additionally, B-type
crystallites are somewhat resistant to digestion compared with A-type crystallites (Gérard et al., 2000). Therefore B-type native starch is largely RS
(∼70%) due to the harder surface and the nature of B-type crystallites.
9.3.2 Hydrothermal modiﬁcation
Hydrothermal modiﬁcation is one of the physical methods commonly used
to modify the functional properties of starch granules while maintaining
granular structure. Three parameters are varied in hydrothermal treatment
of starch granules: temperature, moisture, and time. Hydrothermal treatments can be divided into two general areas: annealing and heat-moisture
treatment. Annealing is usually performed in conditions of excess (>66%)
or intermediate water content (40–55% w/w), while heat-moisture treat-
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ment is deﬁned for low-moisture conditions (<35% w/w). The temperature
range used is generally between the glass transition temperature (Tg), the
transition point between the glassy and rubbery state of starch, and the
gelatinization temperature at which irreversible loss in crystallinity occurs.
The time can be varied from hours to a week. Detailed conditions for a
variety of starches can be found in the review by Jacobs and Delcour (1998),
or determined based on Tg and gelatinization temperature of a speciﬁc
starch sample.
Hydrothermal treatment results in changes in the crystalline and amorphous regions of starch granules and the interaction between these two
regions. It results in an increase in perfection of crystallites, alteration of
crystalline packing from B- or C- to A-type, and increased interaction of
molecules within amorphous and crystalline regions. As the raw starch
granule structure is related to starch digestibility, hydrothermal treatment
can be used as a way of changing the slow digestion property of native
starch granules resulting in lower GI. Shin et al. (2005) reported that hydrothermal treatment of sweet potato converted its C-type structure to A-type,
and the SDS of the treated granule increased 200% compared with native
starch granules. Owing to the broad range of physicochemical changes
caused by hydrothermal treatment, more studies are needed to systematically investigate the effect on the slow digestion property and the related
low glycemic response of hydrothermally treated starches.

9.4

Starch structural modiﬁcation

The structure, and perhaps size, of starch molecules can fundamentally affect
digestion properties in cooked and processed foods. This can be viewed both
from the inherent starch structural properties as well as retrogradationrelated structural differences (double helical structures and crystallites) that
affect enzyme binding and rate of digestion. Therefore, an understanding of
starch structure is critical for the moderation of glycemic response and to
design enhanced health value starch ingredients for the food industry. Starch
is composed of the essentially linear amylose which consists mostly of α-1,4linked d-glucopyranosyl units and the highly branched and very large amylopectin (often >1 million glucose units) in which linear α-1,4-linked
d-glucopyranosyl chains are joined through α-1,6-linked branches. Starch
structural modiﬁcation therefore can be viewed as a key strategy to achieve
SDS. Structural modiﬁcation of starch molecules can be carried out through
genetic, enzymatic, physical, and chemical modiﬁcations.
9.4.1 Amylose/amylopectin ratio
The amylose/amylopectin ratio is one of the main parameters measured in
starch quality evaluation. In a diluted starch solution (<1% w/v) containing
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both amylose and amylopectin, amylose can be easily digested by α-amylase
while amylopectin is slower to be digested due to its branching structure
(Park and Rollings, 1994); however, in a concentrated starch system, especially one with a higher ratio of amylose/amylopectin, a ﬁrm gel will form
and the digestibility will be decreased due to the high amounts of retrograded starch formed by amylose. Much of highly retrograded amylose is
classiﬁed as RS. Studies have shown that the amylose/amylopectin ratio is
an important determinant of starch quality and amylose content is highly
correlated with RS content. Thus, foods produced with high-amylose
starches generally have low GI value (Miller et al., 1992).
The amount of amylose and amylopectin within starch granules is genetically controlled by the series of enzymes involved in starch biosynthesis.
Traditional breeding has been successfully used to produce starches (especially in maize) with a wide range of amylose and amylopectin ratios, such
as waxy starches (essentially pure amylopectin) and high-amylose starches
(50–70% amylose). Today, the ratio of amylose to amylopectin can be
manipulated through modern genetic techniques, such as genetic engineering, to up- or down-regulate genes related to amylose and amylopectin
synthesis. Modern techniques such as transposon insertion, site-directed
mutagenesis, antisense inactivation, and TILLING (targeting induced local
lesions in genomes) of mutagenized populations – as well as producing
transgenic lines with the addition of foreign genes – are being used to
produce starch mutants with desired properties. High-amylose starch has
been an ideal starting material to make heat-stable RS (Brown, 2004) to
decrease the postprandial glycemic response of processed foods. Conceivably,
novel mutants could cause changes in the molecular weight, amount of
amylose, and perhaps its branching structure to produce starches with
higher amounts of SDS.
9.4.2 Amylopectin ﬁne structure
Amylopectin is the major component, by weight, of normal starch granules
(∼75%). The cluster model (Fig. 9.3) is the accepted model to describe its
ﬁne structure. The branched chains are classiﬁed as A chains (no further
branching point), B chains (with one or more branching points), and the C
chain – the only chain with a reducing end. The ﬁne structure of amylopectin
mainly refers to the chain-length distribution, the branching density, internal chain lengths, and cluster repeating distance. The relationship between
amylopectin ﬁne structure and starch functionality has been extensively
studied. However, its effect on the nutritional quality of starch is not as well
investigated. Recent research in our laboratory (G. Zhang and B. R.
Hamaker, unpublished data, 2006) shows that both high amounts of short
chains (principally the A chains) and high amounts of long chains (intermediate to long B chains) tend to result in more SDS. Shi and Seib (1995)
showed that B1 chains having degree of polymerisation (DP) 16–30, are

Modiﬁed carbohydrates with lower glycemic index

205

Reducing end
C chain

α-1, 6-linkage

Non-reducing
ends

B chain

B chain

B chain
A chain
Cluster

Fig. 9.3

The cluster model of amylopectin structure including A, B and C chains
(Thompson, 2000).

more associated with starch retrogradation and RS content. The amount of
amylose appears to have no relationship with SDS. Therefore, the structure
of amylopectin may be more critical for SDS, than parameters of amylose.
The ﬁne structure of amylopectin is regulated by soluble starch synthase,
branching enzyme isoforms, and debranching enzymes. Variations in activities, or mutations, in these enzymes produce a range of amylopectin with
different ﬁne structures. If the relationship between the nutritional quality
of starch and amylopectin ﬁne structure is thoroughly understood, genetic
engineering or other manipulation methods may be used to produce ideal
starches with high-SDS and low-GI properties.
9.4.3 Enzyme modiﬁcation
The molecular structure of amylose and amylopectin is one of the essential intrinsic factors associated with the nutritional quality of starch as
described above. Enzyme modiﬁcation is an alternative way of changing the
structure of starch molecules to achieve appropriate digestion or glycemic
properties. Theoretically speaking, all of the enzymes involved in starch
biosynthesis and degradation can be used to modify starch structure, but in
practice only commercially available enzymes are used such as α-amylases,
β-amylases, debranching enzymes (isoamylase and pullulanase), transglucosidases, and glycosyltransferases (CGTase). These enzymes decrease
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the molecular weight of starch molecules, remove outer chains of amylopectin, or add new structures to existing chains. The purpose of using enzyme
modiﬁcation to affect GI is to obtain an optimum structure that will
have low GI properties either through an increase in SDS or RS, or both.
The approach may be counter to the commonly known enzyme modiﬁcations that aim to increase the starch functionality, e.g. texture, gel clarity,
and pasting properties. Therefore, deﬁnitions of the starch molecular
structure needed to produce SDS, as well as RS, are still of critical
importance when attempting to improve glycemic properties by enzyme
modiﬁcation.
It has been shown that amylose with DP ∼100 rather easily forms RS
(Eerlingen et al., 1993) which can be used to decrease the GI of a food, but
RS does not, by deﬁnition, provide slow-digesting properties. Amylopectin
hinders the association of amylose to form RS (Berry, 1986). Starch can be
modiﬁed using pullulanase or isoamylase and α-amylase to debranch amylopectin and shorten amylose, respectively, so that the RS formation can be
increased signiﬁcantly. Several enzyme-modiﬁed RSs have been patented
and used commercially [Roquette, France (Nutriose – a new dextrin) and
National Starch (Chiu et al., 1994; Shi and Trzasko, 1997)]. Han et al. (2006)
recently reported a method to produce a starch with RS and some SDS
property using α-amylase digestion of partially retrograded normal maize
starch. For SDS, partially debranched waxy starch, made using pullulanase,
has been used to make SDS (Shin et al., 2004b). In another recent investigation in our laboratory (Z. Ao, G. Zhang and B. R. Hamaker, unpublished
data, 2005), a combination of maltogenic α-amylase, β-amylase, and transglucosidase treatment of normal corn starch was used to form starch with
an increased proportion of SDS. These studies suggest that the structure of
SDSs could be imperfect crystallites, and amylopectin with high branch
density or extra long chains might be the structural basis to form an imperfect and entangled structure with substantial density to slow down enzymatic digestion rate.
9.4.4 Other physical modiﬁcations (retrogradation)
When starch granules are cooked in a food process, the crystalline structure
is lost and amylose and amylopectin are dispersed to a certain extent
(gelatinization). The extent depends on water content, temperature, time,
and degree of shear of the process. To produce low-GI foods in this situation, physical modiﬁcation (i.e. starch concentration, processing condition,
and storage method) can be used to moderate starch digestion properties.
Modiﬁcation of starch gelatinization and retrogradation are the main categories of physical modiﬁcation used to achieve low-GI beneﬁts in cooked
and processed starchy foods.
As described above, native starch (especially A-type) is an ideal SDS,
and, if incomplete gelatinization can be achieved through lowering temperature, decreasing water content, or shortening processing time, the nutri-
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tional beneﬁts of SDS will be partially retained. However, the organoleptic
properties may not be suitable for consumption. This means that improved
food processing technologies are needed to impart low glycemic properties.
Hydrothermal modiﬁcations of the nutritional properties of starch could
conceivably also be applied in food processing to achieve a low-glycemic
food product.
Extensive research has shown that water content, temperature of storage,
and the existence of other ingredients affect starch retrogradation. Most of
the RS in food is produced through retrogradation, particularly by amylose
retrogradation which occurs very rapidly. Thus, foods produced with highamylose starch usually have low GI values due to the occurrence of retrogradation. Alternatively, low-GI or controlled glycemic foods can also be
made using SDS ingredients. Preliminary data from our laboratory (G.
Zhang and B. R. Hamaker, unpublished data, 2005) show that controlled
retrogradation can be used to make SDS. Similarly, Shi et al. (2003) and Shin
et al. (2004a) showed that less retrogradation with partially debranched
starch ingredients makes it possible to produce SDS. Perhaps SDS, in these
cases, is due to the formation of imperfect crystallites.
9.4.5 Chemical modiﬁcation
To improve functionality and create value-added starch-based products,
native starches are additionally subjected to various chemical modiﬁcations
to overcome some of the structural and rheological problems that they
inherently have during food processing and storage. These include: loss in
viscosity; acid, shear, and/or heat stability; pasting; thickening; syneresis; and
retrogradation. Although most chemical treatments have been intended to
improve the functionality of the starches in foods, some recent work has
focused on such treatments for creating slowly digesting and resistant
starches. Many chemical modiﬁcations essentially result in the creation of
RSs (Wolf et al., 1999). Chemically modiﬁed starch derivatives such as citrate
starches (Wepner et al., 1999) and cross-linked starches (Woo and Seib, 2002;
Shin et al., 2000) have been shown to decrease starch digestion rate depending on the type and degree of modiﬁcation, extent of gelatinization, and
digestion conditions employed. Han and BeMiller (2006) demonstrated high
SDS amounts in 2-octen-1-ylsuccinic anhydride esteriﬁed waxy starch, and
relatively high SDS and RS amounts in cross-linked hydroxypropylated and
acetylated waxy starches. However, clinical trials need to be carried out to
evaluate the efﬁcacy of such starches in creating low-GI foods.

9.5

Inﬂuence of other food components

The presence of other major and minor food components, besides starch,
has also been shown to inﬂuence the glycemic response of carbohydrate
foods. Various factors at both macroscopic and microscopic levels of foods
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can affect such digestion variables as gastric emptying rate, creation of
matrix barriers to access starch during digestion, and interactions between
digestive enzymes and other food components.
9.5.1 Protein-starch interaction
Extruded pasta products represent an excellent example of the effect of
proteins in slowing starch digestion rate. Several studies have demonstrated
that digestion of pasta in both healthy and diabetic subjects is characterized
by low glycemic and insulinemic responses (Parillo et al., 1985; Wolever
et al., 1986; Granfeldt and Björck, 1991). In vitro digestion studies on pasta
(Colonna et al., 1990; Fardet et al., 1998, 1999) have shown that restricted
swelling and the entrapment or encapsulation of starch in structured protein
network-associated dense food results in decreased accessibility and, hence,
lowered digestion by amylase. Furthermore, pre-incubation of pasta
with pepsin (a proteolytic enzyme) enhanced starch digestibility, thereby
providing support for the importance of protein components in
slowing starch digestion. Even in gelatinized ﬂour pastes in cereals such as
sorghum, entrapment of starch in protein web-like structures has been seen
to impede starch digestibility (Bugusu, 2003). Figure 9.4 shows such
protein–starch interrelated structures in a maize ﬂour paste where the
trapped gelatinized starch is digested after free, unencumbered gelatinized
starch (M. Venkatachalam and B. R. Hamaker, unpublished observations,
2006).

Fig. 9.4 Light micrograph of cooked maize ﬂour (1 : 10 w/v ﬂour-to-water, 20 min
at 100 ºC) stained for starch with periodic acid–Schiff reagent and for proteins with
a Coumassie Brilliant Blue-based stain. Web-like areas represent protein networks
(dark-stained regions) with entrapped gelatinized starch (light-stained regions)
(M. Venkatachalam and B. R. Hamaker, unpublished observations, 2005).
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9.5.2 Lipid complexation with starch
It has been recognized that the complexation of amylose with the free fatty
acids and monoglycerides in foods occurs at various stages of food preparation, storage, and even during the digestion process. Such a complex not
only results in signiﬁcant changes in the physicochemical and functional
properties of starch – e.g. a change in the starch x-ray diffraction pattern to
‘V’ type, reduced solubility, increase in gelatinization temperature, retarded
retrogradation during storage (Eliasson et al., 1981; Biliaderis and Galloway,
1989) – but also has been shown to be less digestible in various in vitro and
in vivo models (Holm et al., 1983; Seneviratne and Biliaderis, 1991; Murray
et al., 1998). A greater resistance to digestion of amylose–lipid complexes
was observed when amylose is complexed with long-chain, saturated monoglycerides compared with complexes with shorter-chain unsaturated monoglycerides (Eliasson and Krog, 1985). Murray et al. (1998) incorporated a
mix of monostearate and monopalmitate complexed with debranched amylopectin to manufacture the V-complex in an experimental diet in dogs and
compared their digestion to control and resistant starches. The authors
found that the ileal and total tract digestibilities of carbohydrate for the Vcomplex treatment were intermediate (digestions were ranked, in terms of
digestibility, as control > V-complex > RS). The same group of authors also
reported that consuming a V-complex-containing diet resulted in lower
carbohydrate digestibility and subsequently lower serum glucose and insulin
responses than dogs fed a carbohydrate–maltodextrin-containing control
diet (Patil et al., 1998).
Apart from lipid–starch complexation that could modify the glycemic
response, several studies have shown that co-intake of fat along with carbohydrates in a mixed meal could affect postprandial glucose response. It is
believed that fat may reduce postprandial glucose by decreasing the rate of
gastric emptying, at least in part related to increased stimulation of the gastrointestinal hormones [such as glucose-dependent insulin-releasing polypeptide (GIP) and glucagon-like polypeptide-1 (GLP-1)] (Morgan, 1998).
Several issues, including dosage levels of fat affecting glucose response, have
been described by Owen and Wolever (2003). The authors showed that fat
intake along with carbohydrates in normal healthy subjects, in a dosedependent relationship, could decrease the glycemic response; however fat
consumption in a normal range (17–44% energy) does not signiﬁcantly
affect glycemic response. As pointed out by Owen and Wolever (2003), it is
important to note that individuals with diabetes or insulin resistance should
not add fat to carbohydrate meals to prevent high blood glucose surge,
because studies have shown that fat addition to carbohydrate does not affect
the glycemic responses in subjects with type-2 diabetes (Gannon et al., 1993).
Various factors – including the type and amount of fat consumed, the type
of carbohydrate eaten with the fat, and the health status of subjects consuming the food – need to be taken into account when evaluating postprandial
glucose and insulinemic responses to a mixed carbohydrate–lipid meal.
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9.5.3 Dietary ﬁber
Several studies have shown that the use of RS in a food product not only
serves as a source of fermentable ﬁber, but also lowers GI (Björck et al.,
2000). The extent and mechanism by which non-digestible carbohydrates
(dietary ﬁber) in foods inﬂuence glycemic response is a subject of debate.
There are several contradictory studies, some suggesting a role for insoluble
ﬁber (Wolever, 1990), while several others indicate that incorporation of
soluble ﬁbers (guar gum, psyllium, β-glucans, pectin) has a signiﬁcant effect
on postprandial glucose response (Jenkins et al., 1978; Wood et al., 1990).
The concept of whole-grain foods (breads, pasta, cereals) is gaining momentum and consumption of a number of grains and grain extracts has been
reported to control or improve glucose tolerance and reduce insulin resistance (Hallfrisch and Behall, 2000). The structure and composition of the
grain – including particle size, amount and type of ﬁber, viscosity effect, and
amylose and amylopectin content – affect the metabolism of carbohydrates
from grains. The use of the viscous ﬁbers in lowering the glycemic response
has been related to reduced gastric emptying (Jenkins, 1978; Braaten et al.,
1991). In the future, it may be possible to select suitable cereal genotypes
for the preparation of tailor-made foods with deﬁned glycemic and other
nutritional attributes. For example, a highly viscous β-glucan-containing
barley genotype (Prowashonupana) has been demonstrated to lower the
glycemic response of breakfast foods (breads, porridges) signiﬁcantly in
healthy and diabetic volunteers (Liljeberg et al., 1996; Rendell et al.,
2005).
9.5.4 Other constituents
The rate of starch digestion is seen to be inﬂuenced by several minor plant
constituents (usually referred to as anti-nutrients) such as phytates, phenolic compounds (tannins), saponins, lectins, and several enzyme inhibitors.
These components interfere with the catalytic activity of the glucosidase
enzymes through different mechanisms, thereby limiting their action
(Thompson, 1988). Fish and Thompson (1991) showed that lectin and tannic
acid (from red kidney bean) individually could inhibit the starch digestive
enzymes, salivary and pancreatic α-amylases; however, a combination of the
two anti-nutrients abolished their inhibitory activity. The authors concluded
that the effect of individual anti-nutrients may not necessarily relate to the
effects observed upon consumption of the mixture of anti-nutrients as normally observed in foods. Although a majority of these minor components
could potentially inﬂuence glycemic response, their practical signiﬁcance
has usually been limited by way of being removed or destroyed at various
stages of food preparation and consumption.
Recently, there has been a renewed interest in the use of inhibitors of
the human α-glucosidases to moderate carbohydrate digestion and its associated insulin response for treatment of non-insulin dependent (type-2)
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diabetes. Acarbose, an oligosaccharide formed by strains of the genus
Actinoplanes, functions as an inhibitor of both α-amylase and the mucosal
α-glucosidases (sucrase-isomaltase and maltase-glucoamylase) (Hiele et al.,
1992). It has been effective in the treatment of diabetes as it slows down
digestion of disaccharides and starch (Chiasson et al., 1994; Conniff et al.,
1994) and is used in some countries to treat diabetes. However, it has frequently been shown to have gastrointestinal side effects due to malabsorption of disaccharides. Starch blockers, puriﬁed amylase inhibitors from
Great Northern beans (phaseolamin), have also shown promise in glucose
homeostatis (Boivin et al., 1988) and are marketed as dietary supplements
(Phase 2 Starch NeutralizerTM; Udani et al., 2004). Unlike these blockers
that need to be ingested in large quantities (4–6 g per meal) to show signiﬁcant effect, trestatin (a mixture of complex oligosaccharides produced
microbiologically) has been proven to be a potent inhibitor (3–6 mg per 75 g
starch) of pancreatic α-amylase in several in vitro and in vivo studies (Golay
et al., 1991). Glycemic and insulinemic responses in healthy and diabetic
volunteers were moderated after consumption of breads containing trestatin added during processing without serious gastrointestinal side effects.
Although the use of enzyme inhibitors has shown promise, further studies
are needed to evaluate the efﬁcacy of these inhibitors after addition to
starch-based processed foods, the dose–response relationship, and, more
importantly, long-term tolerance and side effects of the use of such
inhibitors.
The presence of organic acids or acid salts, such as those produced during
sourdough fermentation or added during baked food preparation, has been
seen to inﬂuence glycemic and insulinemic responses (Liljeberg & Björck,
1996, 1998; Liljeberg et al., 1995). For example, consumption of sourdough
bread (with lactic acid produced during fermentation) or breads with added
calcium lactate, or sodium propionate, signiﬁcantly reduced glycemic and
insulinemic indexes as compared with wholemeal bread in the absence of
these acids (Liljeberg et al., 1995). Intake of bread with a high concentration
of sodium propionate not only lowered postprandial blood glucose and
insulin responses, but also signiﬁcantly prolonged the duration of satiety
compared with all other breads. In vitro digestion of these breads, however,
showed a signiﬁcant decrease in the rate of amylase digestion only in bread
containing lactic acid. The authors concluded that the effect of acid salts
such as sodium propionate on metabolic responses and satiety was due
to effects other than starch hydrolysis, such as delayed gastric emptying
(Liljeberg & Björck, 1996). Similar effects were observed upon addition of
vinegar to a starchy meal (Liljeberg & Björck, 1998). The potential of fermentative processes or processes that incorporate organic acids to improve
the nutritional features of carbohydrates need to be considered.
Recent studies in our laboratory (M. Venkatachalam, G. Zhang and
B. R. Hamaker, unpublished data, 2005) show that entrapment of starch in
an alginate–calcium ion biopolymer matrix effectively creates a barrier
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(cooked in the entrapped form) to digestion by amylases and provides a
slow glucose release proﬁle. Scanning electron microscope images of the
cooked starch microspheres showed that the gelatinized starch trapped in
the biopolymer matrix represents a highly dense food form that is gradually
digested by the amylases from the periphery towards the center of the
sphere. Various factors – including biopolymer type (alginate or blend of
alginate with other polymers, such as gellan gum, chitosan, or carrageenan),
biopolymer concentration, microsphere size, and calcium ion concentration
– could be used to obtain biopolymer-entrapped starches with desired slowdigestion proﬁles. Such microspheres not only lowered glycemic response
(as indicated by initial clinical studies), but may also serve as novel starch
ingredients providing extended release of glucose in food products.

9.6

Future trends

Strategies to produce low-GI foods could include: incorporating nondigesting carbohydrates (dietary ﬁber, RS) into foods; starches with slow
digesting properties that extend glucose release; creating proper food forms;
viscosity-increasing polysaccharides that delay gastric emptying or decrease
digestive enzyme access; organic acids and their salts; or anti-nutritional
agents that inhibit digestion of starch and other glycemic carbohydrates.
Additionally, as more research is conducted to understand the effects of
low-GI foods with slow glucose release properties on health, satiety, activity
levels, and mental performance, these types of slowly digestible carbohydrates may be available for consumers.
Food form will continue to be a major issue in the development of lowGI and, particularly, slow digesting foods. Highly organized, dense food
forms impede starch digestion and, thereby, lower the glycemic response of
starchy foods. An organized food form could simply preserve the crystalline
order of starch (prevent complete gelatinization) during food processing or
provide a barrier to digestive enzymes. Besides pasta (described in Section
9.5.1), whole-grain foods, wherein the cellular layers surrounding the starch
granules are intact, also present an example of an organized food form with
low GI. Whole-wheat-ﬂour bread, in which some of the grain structure
persists, has been reported to elicit a lower glycemic response than white
bread (Liljeberg et al., 1992). Similarly, legumes cooked under mild
heat processing conditions (such as boiling), that had an intact cellular
structure, had lower GI as compared with legumes cooked under harsher
conditions (pressure cooking) or milled before cooking (Wolever et al.,
1987; Tovar et al., 1992; Golay et al., 1986). Beverages, from the point of view
of providing extended energy release, represents a special challenge, because
soluble glucose-containing oligosaccharides, maltodextrins, and starches
tend to be rapidly digested. There is a need for a more systematic research
approach to understand how glycemic carbohydrates and food form
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(type of matrix, concentration, cooling proﬁle, storage conditions) inﬂuence
GI and glucose release proﬁles, and their physiological and metabolic
consequences.

9.7
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10
Novel ingredients for weight loss:
new developments
J. D. Stowell, Danisco Sweeteners, UK

10.1

Introduction

The quest for a magic bullet for weight loss is far from new. Throughout
the last century a bewildering array of strategies emerged only to be discredited due to lack of safety or efﬁcacy. Of the more extreme ideas, the
purposeful ingestion of tapeworms must surely rank as the most bizarre.
Whilst this may just be an urban legend, today’s Internet abounds with
articles on the subject, implicating the rich and famous and apparently still
offering tapeworm eggs for sale as dietary supplements. The very thought
of this is repugnant, but it does demonstrate the lengths to which some
might go to achieve weight loss.
By the 1960s amphetamines had become the product of choice for appetite suppression. Ephedra is an evergreen shrub found in central Asia. It
contains the alkaloids ephedrine and pseudoephedrine. It achieved remarkable popularity and, latterly, notoriety in the weight loss arena. Finally the
US Food and Drug Administration (FDA) banned the sale of ephedra in
dietary supplements in February, 2004 (FDA, 2004).
Increasing obesity rates combined with an ever diminishing perception
of the ideal body shape, encouraged by the popular press, means that there
is an ever greater disconnect between reality and expectations. This fuels
the intense effort to ﬁnd that magic ingredient for weight loss. Today we
have the advantage of sophisticated scientiﬁc know-how combined with
consumer representation and well-developed legislation. This should ensure
that new ingredients reaching the market have a proven track record of
safety and success, and a repeat of past failures should be avoided. However,
even today there remains a disconcerting reliance on anecdote and inade-
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quate science, particularly as evidenced by the more outrageous Internet
selling techniques.
Food ingredients that facilitate weight loss fall under the spectrum of
‘functional’ foods as deﬁned by the European Commission Concerted
Action on Functional Food Science in Europe (FUFOSE) (Diplock et al.,
1999): ‘A food can be regarded as ‘functional’ if it is satisfactorily demonstrated to affect beneﬁcially one or more target functions in the body,
beyond adequate nutritional effects in a way that is relevant to either an
improved state of health and well-being and/or reduction of risk of disease’.
However, the distinction between foods, supplements and medicines is
becoming increasingly blurred and ‘functional foods’ as such do not appear
as a speciﬁc category in food law either in Europe or in North America.
Foods for Speciﬁed Health Use (FOSHU) in Japan do approximate to the
concept of functional foods.
There are many complex aspects involved in the introduction of a new
food ingredient for weight management. The area is fraught with scepticism,
false hope and promises, claims and counterclaims, and highly motivated
consumers fuelling industry growth. Boucher et al. (2001) counselled healthcare professionals to encourage their clients to resist ‘the temptation to
buy a “magic” pill or potion that promises effortless weight loss or weight
maintenance’. Pittler and Ernst (2004), in a systematic review of dietary
supplements for body weight reduction, concluded ‘the evidence for most
dietary supplements as aids in reducing body weight is not convincing.
None of the reviewed dietary supplements can be recommended for overthe-counter use.’
It is against this background that the quest for effective strategies continues. The science is becoming increasingly sophisticated and several thorough and convincing studies have been published since the Pittler and Ernst
(2004) review. Randomized, double-blind, placebo-controlled human intervention studies are important in the evaluation of individual ingredients
and it is encouraging to see such studies being published (see, for example,
Preuss et al., 2004a, b discussed in Section 10.3.2). It is also encouraging to
see major food companies such as Unilever entering the arena. The emphasis is gradually shifting from that ‘magic bullet’ to a more holistic approach
and consumer expectations are becoming more realistic as the positive
impact of a 5–10% reduction in body mass is now better understood (see
Calorie Control Council websites). Most consumers know by now about
the beneﬁts of fruit, vegetables, whole grains, caloric restriction, exercise,
etc., but this has had little impact on burgeoning waistlines. For example, in
the USA calorie consumption increased by 450 kcal per capita per day from
the mid 1960s to the 1990s (Anon., 2004). From this it is clear that some
extra help is needed.
The purpose of this chapter is to provide a brief perspective on new
developments in weight loss food ingredients, highlighting the different
aspects that must be addressed before such ingredients could be deemed
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to be successful. Criteria for a successful ingredient will be listed and some
of the regulatory considerations introduced. Some details of (−)-hydroxycitric acid (HCA) will be provided as an example of the approach that is
being taken. Several other examples will then be outlined, together with
comments on future directions. No attempt has been made to provide a
comprehensive review and the reader is referred to the publications cited
for further details.

10.2

Criteria for a successful new ingredient for weight loss

As noted above, there are many aspects to be considered when planning
the introduction of a new weight loss ingredient. Some of the more obvious
are listed below. Although seemingly a matter of commonsense, this simple
checklist could be usefully employed to distinguish between the worthwhile
and the not so worthwhile, or to identify gaps in our knowledge.
10.2.1 Conﬁrmation of safety and efﬁcacy at intended use levels
This really is the sine qua non of any new ingredient. It might be tempting
to conclude that an ingredient is safe based on a prior history of human
exposure. However, unless the historical dose and consumption patterns
equate to the proposed use conditions, and unless the effects of the ingredient on speciﬁc individuals and population groups have been determined, it
would be easy to miss possible adverse reactions. Nor is it acceptable to
increase the dose beyond what is realistic simply in order to achieve a positive result. Evaluation of safety includes structure and exposure assessment
as well as chemical characterization. Genetic toxicology, animal, metabolism and human studies all contribute to the assessment.
10.2.2 Data on target population groups
Again there is a temptation to declare an ingredient safe based on prior
consumption by population groups unrepresentative of the target groups.
Of course, such data do contribute to the totality of relevant information.
However, it is important to generate data on groups representative of the
target population.
10.2.3 Long-term effects
It is important to take into account the timeframe over which an ingredient
is likely to be consumed when assessing its safety. Much information can
be gained from acute toxicity studies but if the ingredient is expected to be
consumed on a long-term basis then relevant data should be generated over
that timeframe.
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10.2.4 Mechanism
It is desirable but not essential to understand the mechanism(s) whereby
the ingredient under evaluation mediates its effect. So long as safety and
efﬁcacy are clearly documented then there is a case that the ingredient
could be marketed without unnecessary risk.
The basic mechanisms whereby weight loss ingredients mediate their
effect include:
•
•

encouraging the consumption of fewer calories;
reducing absorption of nutrients from the digestive system, which in
turn increases excretion;
• increasing the excretion of urinary metabolites;
• reducing the efﬁciency of conversion of nutrients into metabolizable
energy. This might involve enhanced thermogenesis and/or reducing the
ﬂux through lipogenic pathways. The latter could be achieved either by
competitive or allosteric enzyme inhibition or by downregulating the
genes coding for the enzyme systems responsible for lipogenesis.
It is important to calculate the relative contribution each of these mechanisms might make. As an example, in the early days of the Atkins lowcarbohydrate programme it was thought that urinary excretion of ketones
could be responsible for the rapid weight loss seen. When calculations were
undertaken it was found that urinary metabolites only accounted for a
trivial proportion of the negative caloric balance. Consumption of fewer
calories was actually the main reason for the successful weight loss.
10.2.5 Proven weight loss
For many functional foods intermediate biomarkers of efﬁcacy need to be
identiﬁed because it is impractical to measure the desired endpoint via
human intervention studies. An example is the application of prebiotics
and/or probiotics to reduce colon cancer risk. The incidence of colon cancer
in healthy populations is low and the timeframe for its development is long.
Hence, it is difﬁcult to envisage conducting a conclusive intervention study
on healthy populations. Typically the incidence of recurrence is studied in
subjects who have already experienced adenomas. Complementary animal
studies are also undertaken on susceptible species to which known carcinogens have been administered.
The good news for weight loss ingredients is that the endpoint is easy to
measure. Weight loss is usually unequivocable. Having said this, it may be a
challenge to achieve compliance in weight loss intervention studies and it
may be difﬁcult to unravel the relative contributions of individual variables.
10.2.6 Role in weight maintenance
Many strategies for weight loss are successful in the short term provided
they encompass both caloric restriction and enhanced physical activity.
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However, long-term success is notoriously elusive. Boucher et al. (2001)
note that people participating in behavioural weight loss programmes lose
an average of 8.4 kg during treatment of 20 weeks and are able to maintain,
on average, two-thirds of this loss for 9–10 months after treatment. However,
within 3–5 years they gradually return to their baseline weight. For a new
weight loss ingredient to be truly successful it should encourage the development of habits that are sustained in the long term. Depending on the
ingredient it may be practical for consumption to be ongoing or it may be
more appropriately used to kick-start a change in lifestyle.
10.2.7 Comparison with alternative strategies
An element in the evaluation of a new weight loss ingredient or strategy
should be to compare its performance with alternatives. However, in this
complex area it is clear that ‘one size does not ﬁt all’ so it is important that
a number of products are validated, providing consumers with choice and
enhancing the chances of individual success.
10.2.8 A word about reduced-calorie foods
Macronutrient alternatives such as intense and bulk sweeteners, bulking
agents and fat replacers, and the foods into which they are formulated, can
be considered as weight loss ingredients in their own right, but they are only
validated as such if they actually help consumers to lose weight. The role
of reduced-calorie foods in weight management has been the subject of
thorough debate since intense sweeteners gathered momentum in the 1960s
and particularly since the ‘low-fat’ trend of the 1990s failed to reverse the
trend towards obesity, particularly in the USA and Europe. A recent review
of the subject (Stowell, 2006) led to the following conclusion.
Foods formulated with non-nutritive intense sweeteners and with reduced
calorie bulk sweeteners and bulking agents can play an interesting role in
helping consumers to improve the nutritional proﬁle of their diets. Contrary
to some reports, the main body of published data shows that these ingredients,
when incorporated into foods with lower caloric density and/or reduced glycaemic impact, can actually help consumers to eat less calories. A balanced
approach to weight loss and maintenance is essential for long term success.

As new ingredients aimed at weight control enter the market they will also
be the subject of similar scrutiny.

10.3

(-)-Hydroxycitric acid

10.3.1 Background
Garcinia cambogia is an evergreen tropical shrub of the Guttiferae family
native to Southeast Asia and in particular South India. It typically grows
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wild but is also cultivated in some areas. The fruits of G. cambogia are about
the size of an orange but resemble a small yellowish or reddish pumpkin.
The dried rinds of the fruit are used in food preparation in several Southeast
Asian countries where, amongst other attributes, they are said to be effective in making meals ‘more ﬁlling’ (FDA, 2005a). Good use of this feature
of G. cambogia has been made by the dietary supplement industry, particularly in the USA where supplements containing Garcinia extract have been
promoted for appetite suppression for many years.
The active component of Garcinia is HCA, present at up to 30% in the
fruit rind. Most of the HCA is present in the fruit as the lactone which must
be converted to the acid itself in order to become active.
10.3.2 Conditions of use and efﬁcacy
Many studies have been undertaken on HCA both in animals and in humans.
Different preparations have been used at different levels and it has become
clear that less-than-optimum strategies have been used in earlier studies
making interpretation of results difﬁcult. The clinical study involving the
largest number of subjects (135) and the longest duration (12 weeks) failed
to show a signiﬁcantly different weight loss compared with placebo
(Heymsﬁeld et al., 1998). This study involved the feeding of 1000 mg of G.
cambogia extract containing 500 mg of HCA three times per day, 30–60 min
before meals. A 1200 kcal per day diet was provided to all subjects.
Subsequent criticism of this study pointed to the abnormally low calorie
value of the diet as well as a lack of deﬁnition of the source of the HCA
and no proof of bioavailability (Preuss et al., 2004a).
The California, USA-based company, InterHealth (see Interhealth
website) has undertaken detailed research on HCA in collaboration with
various universities to determine the most effective product forms, dose
levels and feeding strategies. They recently launched a patent pending
product Super CitriMax® which is an almost completely soluble calcium
and potassium salt of HCA containing 60% by weight HCA and with conﬁrmed bioavailability (Loe et al., 2001). Super CitriMax® was the subject
of recent randomized, double-blind, placebo-controlled human intervention studies undertaken in India (Preuss et al., 2004a, b). A pilot study
(Preuss et al., 2004a) involved feeding 30 obese subjects with 4667 mg Super
CitriMax® per day, equivalent to 2700–2800 mg HCA in three equal doses
30–60 min before meals. The study lasted 8 weeks. An additional treatment
group received the Super CitriMax® plus niacin-bound chromium (NBC)
and a standardized Gymnema sylvestre extract (GSE). A 2000 kcal per day
diet was provided to all subjects. In the HCA-fed group body weight and
body mass index (BMI) decreased by 6.3%, total cholesterol, low-density
lipoprotein (LDL) and triglyceride levels decreased by 6.3%, 12.3% and
8.6% respectively, whilst high-density lipoprotein (HDL) and serotonin
levels increased by 10.7% and 40% respectively. Serum leptin levels
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decreased by 40.5% and excretion of urinary fat metabolites increased by
146–281%. The HCA/NBC/GSE group performed even better whilst the
placebo group only achieved minimal positive changes.
The second study (Preuss et al., 2004b) followed exactly the same protocol as Preuss et al. 2004a, except that it involved 60 subjects. This study
achieved very similar results, with 5–6% body weight reduction in the treatment groups with only marginal or non-signiﬁcant effects in the placebo
group.
The bioefﬁcacy of the calcium potassium salt of HCA has been summarized in a recent review by Downs et al. (2005). A convincing database is
emerging for this novel ingredient. As with all new ingredients the longerterm effects need to be elucidated.
10.3.3 Proposed mechanism(s) of action
HCA is a competitive inhibitor of ATP-citrate lyase, an extra-mitochondrial
enzyme involved in the initial steps of de novo lipogenesis. In this way, HCA
reduces the conversion of citrate into acetyl coenzyme A, a primary step in
the formation of fatty acids in the liver. Increased glycogen is produced in
the liver in the presence of HCA and this may mediate satiety signals,
reducing appetite (Preuss et al., 2004a). In addition to this, according to
Downs et al. (2005) HCA as the calcium potassium salt induces an increase
in serotonin release and serotonin receptor reuptake inhibition (SRRI).
Serotonin regulation has been proposed as a mechanism of appetite
suppression.
10.3.4 Safety and regulatory status
The safety of HCA has been investigated in several studies, reviewed by
Soni et al. (2004). No adverse effects have been observed either in animal
toxicity tests or in human studies. Teratogenicity studies and long-term
feeding studies still need to be completed.
As noted above, G. cambogia extract/HCA has been a component of
dietary supplements in the USA for some years. In 2003 InterHealth
announced that a panel of scientiﬁc experts had afﬁrmed Super CitriMax®
as GRAS (generally recognized as safe) for use in functional beverages in
the USA (Interhealth website, GRAS afﬁrmation). This is the ﬁrst step
towards more general food application of HCA. It seems likely that if HCA
becomes a mainstream ingredient raw material supply might become
an issue. This has obviously been predicted by the Ireland-based Company, Shannon Minerals Ltd, who recently submitted a premarket notiﬁcation of intention to market synthetic HCA as a new dietary ingredient for
dietary supplement applications. The FDA rejected this application, unconvinced of equivalence to the currently marketed HCA extracted from G.
cambogia.
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In Europe it is likely that HCA would fall under the remit of the Novel
FoodsRegulation (EC) No. 258/97 although to date there is no evidence
that this has been explored in any detail.

10.4

Hoodia gordonii

10.4.1 Background
Hoodia gordonii is one of several species of the genus Hoodia from the
botanical family Asclepiadaceae. It is a cactus-like succulent plant that
grows in the Kalahari desert in the southern part of Africa, mainly Botswana.
The local San Bushmen have sucked on Hoodia as the whole fresh plant
or dried whole plant for generations, principally to ﬁght hunger and thirst
during long hunting trips and at times of famine. Based on these anecdotal
reports H. gordonii has been proposed as an anorectic agent for use by
those seeking to lose or maintain weight.
10.4.2 Development and scientiﬁc substantiation
Whole-Hoodia powder contains variable amounts of ﬁbre, organic material,
antioxidants and biologically active substances including steroidal glycosides.
One substance in particular is common to at least ﬁve species of Hoodia. This
is the steroidal trisaccharide called 3-O-[beta-d-thevetopyranosyl-(1 → 4)beta-d-cymaropyranosyl-(1 → 4)-beta-d-cymaropyranosyl]-12beta-Otigloyloxy-14-hydroxy-14beta-pregn-5-en-20-one. It has been termed ‘P57’
because it was the 57th plant-derived compound investigated for commercial
development by the British pharmaceutical company Phytopharm. An excellent review of the history of the development of Hoodia appears on the
Internet (BioMolecular Sciences, Inc). P57 has been patented by Phytopharm
and developed in collaboration with the CSIR (South African Council of
Scientiﬁc and Industrial Research). The P57 originating from H. gordonii, as
supplied by Phytopharm, is named P57AS3. It is this compound that is said
to be responsible for the anorectic quality of the plant. Of three scientiﬁc
reports on animal studies involving P57, only one has been published in a
peer-reviewed journal (MacLean & Luo, 2004). The other two have only
appeared in abstract form in conference presentations (Tulp et al., 2001,
2002). Tulp et al. (2001, 2002) showed a 50% reduction in ad libitum food
intake in rats fed Hoodia compared with control. The mean effective dose for
appetite suppression in rats during a 4-h feeding test ranged from 1.8 to 2.7 g
per kg body weight for the various Hoodia species. The values were similar in
both lean and obese rats. Over a 2–3 week period, marked reduction in body
weight was seen in the obese rats and a moderate reduction in the Hoodia-fed
lean rats. Control rats gained weight normally during the same period. The
decrease in spontaneous food intake was not due to unpalatability of the
Hoodia diet (Phytopharm and Pﬁzer, unpublished observation).
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MacLean and Luo (2004) recently studied the effects in rats of the steroidal glycoside P57AS3 puriﬁed from H. gordonii, supplied by Phytopharm
and Pﬁzer. Intracerebroventricular injection of the puriﬁed P57AS3 resulted
in an increased ATP content in the hypothalamic neurons. P57AS3 injections into the third ventricle (at doses of 0.4–40 nmol) reduced 24 hour food
intake by rats by up to 60%. Subsequent experiments showed that in rats
fed a low-calorie diet for 4 days, the content of ATP in the hypothalami fell
by 30–50%. This effect was blocked by intracerebroventricular injections of
P57AS3 (MacLean and Luo, 2004). Based on these ﬁndings, the authors
hypothesize that ATP level may be a signal for the energy-sensing of satiety.
More research is required to fully understand the mechanism of action of
P57AS3 in weight control.
A double-blind placebo-controlled study testing P57 (reported to be
from H. Gordonii) was carried out by Phytopharm in healthy overweight
subjects. The results of this study have not yet been published and only a
little information is available from the article by Habeck (2002) and from
press releases on the Phytopharm website (http://www.phytopharm.co.uk).
The ﬁrst two stages of the study were aimed at assessing the safety, tolerability and pharmacokinetics of P57 whilst the third stage studied 19 overweight
males fed either the P57 compound (at an unknown dose) or placebo
twice daily for 15 days. The treatment group achieved a 30% reduction in
calorie intake and a signiﬁcant reduction in body fat content of 1 kg
(Habeck, 2002).
10.4.3 Safety and regulatory status
The fact that the Hoodia plant has been consumed by the San Bushmen as
whole fresh plant or dried whole plant for thousands of years is an element
in favour of its safety. However, it is not sufﬁcient to deﬁnitely conclude
that the plant, P57 and P57AS3 from H. gordonii are safe for human
consumption.
Since P57AS3 has been found to have similarities to the steroidal core
of cardiac glycosides, long-term research is needed to determine appropriate dosage and potential contraindications, risks and side effects such as
potential disturbances to heart rhythm that may be triggered by its consumption. The lack of deﬁnitive safety data has been conﬁrmed in several
communications from the US FDA. These were rejections in response to
new dietary ingredient notiﬁcations as required before marketing of supplements containing H. gordonii (see Section 10.3.2 above). Examples are
given below.
1

June 19th 2003 – A letter from the FDA to Goen Technologies Corp.
that their 3/27/03 New Dietary Ingredient (NDI) notiﬁcation was inadequate; attached was their 61 page notiﬁcation which included a 57 page
patent (US patent 6,376,657) that contained several study reports (http://
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www.fda.gov/ohrms/dockets/DOCKETS/95s0316/95s-0316-rpt0186vol133-web.pdf).
2 March 3rd 2004 – A letter from the FDA to Hoodia Products LLC that
their 10/29/03 NDI notiﬁcation was inadequate; attached was the 1 page
NDI notiﬁcation (http://www.fda.gov/ohrms/dockets/dockets/95s0316/
95s-0316-rpt0218-vol156.pdf).
3 October 6th 2004 – A letter from the FDA to Awareness Corp. that their
3/23/04 NDI notiﬁcation for use of dried powdered H. gordonii cactus
pulp as a weight loss dietary supplement was inadequate; attached was
their 17 page notiﬁcation (http://www.fda.gov/ohrms/dockets/dockets/
95s0316/95s-0316-rpt0238-01-vol173.pdf).
Similarly in Europe, the Netherlands notiﬁed the European Commission,
DG Health and Consumer Protection Rapid Alert System for Food
and Feed (RASFF) that attempts had been made to import slimming
pills containing H. gordonii, unauthorized as a novel food (http:europa.eu.
int/comm./food/food/rapidalert/index_en.htm).
In the USA the next step will be to submit a further premarket notiﬁcation of a new dietary ingredient once adequate safety data have been published. In Europe it is becoming increasingly clear that H. gordonii would
be considered as a novel food. This is despite earlier speculation that it
might fall under the remit of medicines legislation (Feord, 2005).
10.4.4 Commercial activities
According to the BioMolecular Sciences, Inc. website (see references)
research on the pharmacological properties of H. gordoni, centering on the
P57 molecule, has been ongoing for the past 30 years at South Africa’s
CSIR. A licence agreement was signed with Phytopharm in 1997 and in
1998 Pﬁzer acquired an exclusive global licence for P57. It is reputed
that Pﬁzer spent around $US 400 million on the development of P57 as
a drug.
In 2003, for reasons that are not clear, Pﬁzer ceased work on P57 and in
December 2004 an agreement with Unilever was announced (Phytopharm/
Unilever, 2005). As part of the agreement Unilever agreed to initial payments to Phytopharm totalling $US 12.5 million out of a total of $US 40
million in payments plus royalties. It has been reported that Unilever could
have products on the market by 2007 (e.g. Financial Times, 2004), probably
under the Slim-Fast brand.
It is encouraging that Unilever is co-ordinating the development of
Hoodia. As and when product(s) containing Hoodia reach the market consumers can be sure that a thorough approach has been taken to ensure their
safety and efﬁcacy.
This should be the end of the story so far, but unfortunately it is not. The
Internet abounds with advertisements for Hoodia-based products for sale.
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Some of these are clearly bogus even to the uninitiated but some seem
to be quite genuine. Purchase of so-called Hoodia-based products via
the Internet is quite straightforward but it should be borne in mind, as
explained above, that these products do not yet have legal status either in
Europe or the USA. This commercial activity could well undermine the
long-term future of Hoodia. This would be most unfortunate as Hoodia still
has the potential to become a major component in the ﬁght against
obesity.

10.5

Other (potential) weight loss ingredients

10.5.1 Green tea catechins
Green tea and its polyphenol components have been investigated as
possible functional foods for a range of applications. Dulloo et al. (1999)
investigated whether a green tea extract, by virtue of its high content
of caffeine and catechin polyphenols, could increase 24-h energy
expenditure and fat oxidation in humans. This was a placebo-controlled
experiment and caffeine at the level in the green tea extract was also studied
on its own as a second control. It was concluded that green tea has thermogenic properties and promotes fat oxidation beyond that accounted for by
caffeine. Hence, green tea extract may play a role in the control of body
composition via sympathetic activation of thermogenesis, fat oxidation
or both.
In Japan, the Kao Corporation has launched a FOSHU product called
‘Healthya’ which is a 300 ml green tea beverage with an enhanced catechin
content. The 540 mg of catechin makes the product extremely bitter. Indeed
the product may curb appetite in several ways. The claim for the product is
‘this product is suitable for people who are conscious of fat’.
10.5.2 Capsiate
Capsaicin is the pungent component of chillis. It has long been known to
have a thermogenic effect (Matsumoto et al., 2000), This effect is more
pronounced in lean subjects than in obese subjects. As a weight loss strategy
the prolonged consumption of hot chillis does not seem like a viable
proposition.
Recently capsiate has been identiﬁed as a component of the nonpungent
red pepper cultivar CH-19 Sweet. In a 2-week human intervention study,
capsiate increased metabolic rate and promoted fat oxidation at rest, leading
to the conclusion that capsiate may help to prevent obesity. Capsiate was
shown to increase the levels of uncoupling protein (UCP)1 and mRNA in
brown adipose tissue and UCP2 and mRNA in white adipose tissue. This
suggests that the effect of capsiate may be mediated via UCP1 and UCP2
(Masuda et al., 2003).
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In October 2005, the Japanese food, amino acids and medical research
ﬁrm Ajinomoto announced the creation of a range of foods containing
capsiate. The company acquired the intellectual property rights to capsiate
from fellow Japanese food and health beverage developer Morinaga & Co.
and, according to the announcement, intends to conduct scientiﬁc testing
to provide evidence for the future health claims it intends to make for
products that it develops based on the compound (Anon., 2005).
10.5.3 Arabinose
l-Arabinose is a natural, poorly absorbed pentose that selectively inhibits
sucrase activity. A study has shown that sucrose mediates increases in
lipogenic enzymes and triacylglycerol levels in rats. This effect can be prevented by the inclusion of l-arabinose with the sucrose. The relevance for
humans remains to be fully evaluated. In the meantime a commercial
product is being marketed in Japan that makes use of the concept. It is
presented as a vial of coffee sweetener containing l-arabinose. This product
may be the forerunner to a new generation of ingredients reducing the
absorption of macronutrients and hence reducing net metabolizable
energy.
10.5.4 Calcium
Zemel (2004) has reviewed the role of calcium and dairy products in energy
partitioning and weight management. He presents a convincing case that
dietary calcium plays a key role in the regulation of energy metabolism.
High-calcium diets attenuate adipocyte lipid accretion and weight gain
during the overconsumption of an energy-dense diet, and increase lipolysis
and preserve thermogenesis during caloric restriction, thereby markedly
accelerating weight loss. Dairy products exert substantially greater
effects than do equivalent amounts of calcium per se. The precise mechanisms for this effect are not yet clear. This effect has recently been conﬁrmed in two randomized trials in obese African-American adults (Zemel
et al., 2005).
10.5.5 Red wine polyphenolics
The well publicized French paradox means that when in France one can eat
and drink with abandon without fear of becoming obese. Red wine consumption has often been cited as the protective factor in this phenomenon.
The good news is that there may well be a scientiﬁc basis for this happy
situation. Pal et al. (2004) studied the impact of acute consumption of red
wine polyphenolics in postmenopausal women. They found that red wine
polyphenolics attenuate postprandial chylomicron and chylomicron remnant
levels in plasma, possibly by delaying absorption of dietary fat.
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Future trends

Many of us are today living in an increasingly obesogenic environment. The
combination of sedentary lifestyles and ever more affordable and varied
diets makes the maintenance of a caloric balance more and more of a challenge. It is difﬁcult to deny knowledge of the value of exercise, fruit, vegetables, wholegrain and caloric restriction. However, despite this, obesity
gathers momentum as the greatest epidemic ever to befall man. Whilst some
prefer the word ‘epidemic’ to be applied only to infectious diseases, the
point is well made. It is clear then that we need help, help in the form of
foods that encourage us to consume less calories, help in the form of medicines that alter our metabolism in the direction of a favourable energy
balance, and help by way of education on the consequences of ignoring the
advice.
From this it seems that the future of novel weight loss ingredients is
assured. However, it is only assured if the developers of such ingredients
concentrate on sound science and do not become tempted to rush to market
before proof of effect is manifest.
Satiety is mediated by a complex balance of hormonal interactions and
signals (de Graaf et al., 2004). We are a long way from being able to safely
manipulate hormonal balance to achieve desirable body weight but investigations in this important area continue. Meanwhile the elucidation of the
human genome has spawned the new science of nutrigenomics. Clearly
some of us are more predisposed to obesity than others and part of the
explanation is the regulation of gene expression by food components. The
reader is referred to Clément (2005), Bell et al. (2005), Loos and Rankinen
(2005) and Roche et al. (2005) for recent reviews on the subject.
Certainly within the next generation there is an expectation that we
might manipulate gene expression through food choices in order to control
body weight. Roy et al. (2004) studied the impact of HCA on gene expression in rats. They found several genes sensitive to HCA and in particular
the genes responsible for abdominal leptin production were downregulated
whilst plasma leptin was unaffected.
The pharmaceutical industry has long since recovered from the withdrawal of Fen-Phen (FDA 1997). A number of promising drugs are currently under development for the treatment of obesity. Bray and Greenway
(1999) and Carpino and Hadcock (2003) have reviewed the approaches
being taken.
So perhaps now the tapeworm can be allowed to rest in peace, or perhaps
not? Tapeworms have been shown to impact lipid metabolism in mice in
favour of lipolysis (Rath and Walkey, 1987). Maybe we can learn something
useful from the physiology of and physiological response to the humble
tapeworm.
The last word should go to an even older discipline. Yoga and meditation
have long been proposed for the control of body weight, not because of
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the calories they burn but because of their impact on the psychology of
food consumption. This cuts to the very heart of the issue. We do not
just eat because we feel hungry but also in response to many complex
psychological, social and environmental factors. A holistic approach is
mandated.
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Part III
Dairy ingredients and lipids for
weight control

11
Dietary and supplemental calcium
and its role in weight loss: weighing
the evidence
G. Gerstner, Jungbunzlauer Ladenburg GmbH, Germany and
M. de Vrese, Federal Research Center for Nutrition and Food, Germany

11.1

Introduction: role of dietary and supplementary
calcium in weight control

The recommended daily intake of calcium (1000 mg/day for most adults,
1200 mg/day for pregnant women) has been set to meet the requirements
of bone-health and the prevention of osteoporosis. Beyond this, calcium
plays an essential role in numerous other vital functions: regulation of cell
membrane ﬂuidity and permeability, nerve conduction, muscle contraction
and blood clotting. Calcium has anti-hypertensive properties and the consumption of calcium in sufﬁcient amounts may reduce the risk of colon
cancer. Various studies over the last few years have shown that increased
calcium intake can signiﬁcantly ﬁght overweight and obesity.
In the following sections the question will be addressed as to whether a
role for calcium in weight control is substantiated by facts gained from
epidemiological studies and the results of in vitro, animal and human intervention studies, showing either a positive role for calcium in lipid metabolism and weight control, or no effect at all. In order to understand these
effects, the role of calcium in the regulation of energy metabolism is to be
examined. This comprises effects on cellular energy metabolism (the Zemel
hypothesis) and the reduction of energy intake by the formation of poorly
absorbable calcium soaps and a potential calcium effect on appetite.
Section 11.4 compares dietary calcium from milk products with calcium
supplements and calcium-fortiﬁed food, and deals with quantitative aspects.
Section 11.5 gives an overview of the calcium salts used for functional food
products. Some conclusions, a short outlook on future trends and recommendations for further references are given at the end of the chapter.
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Determining the role of calcium in weight control

Recently, an anti-obesity effect of dietary calcium has been postulated (for
reviews see Teegarden (2003), Zemel (2002) and Zemel and Miller (2004a)).
Although ﬁrst observations in rats and men showing an inverse relation
between calcium intake, adipocyte intracellular calcium and obesity had
already been published at the end of the 1980s (Draznin et al., 1988), this
idea has never been more popular in the scientiﬁc community since the
publication of the papers of Zemel and colleagues (Xue et al., 1998, 2001,
Zemel et al. 1995, 2000). These publications were based to a major extent
on investigations on obese and insulin-resistant mutant mice (‘agouti
mouse’) and led to an intensive re-examination and extended interpretation
of data from several epidemiological studies.
11.2.1

Epidemiological and intervention studies showing a role for
calcium in weight management
Data from the US NHANES III (Third National Health and Nutrition
Examination Survey), the CSFII study (Continuing Survey of Food Intake
by Individuals), the CARDIA study, the Quebec Family Study and the
HERITAGE (Health, Risk Factors, Exercise, Training and Genetics) Family
Study showed accordingly a signiﬁcant inverse relationship between calcium
consumption and body weight, body mass index (BMI; BMI = body weight/
body length, kg/m2), body fat distribution and the prevalence of obesity
respectively (Table 11.1).
Zemel and co-workers (2000), who re-examined data from 380 women
(of about 7000) from the NHANES III study, found less body fat and a
lower risk for obesity in people with the highest calcium intake after controlling for energy intake and physical activity, and the risk of being in the
highest BMI quartile was reduced by 85% at the highest quartile of calcium
intake. The anti-obesity effect of calcium has been demonstrated in black
and in white people of both sexes, although in the HERITAGE Family
Study the strongest effects occurred in white women and black men (Loos
et al., 2004): the former exhibited a signiﬁcant inverse relationship between
calcium and BMI, percentage body fat and total abdominal fat, the latter
between calcium intake and leanness.
An inverse relationship between BMI and dietary calcium or consumption of milk and dairy products was also found in adult women when the
data from the CSFII study (Albertson et al., 2003), as well as data in a
sample of the cross-sectional Portuguese Health Interview Survey 1998–
1999 (Marques-Vidal et al., 2005), were re-examined. Two other long-term
observational studies examined the effect of milk consumption on
body composition and also on several physiological parameters. In
the Quebec Family Study, abdominal circumference was negatively
associated with dairy products consumption (Drapeau et al., 2004, Jacqmain
et al., 2003), whereas in the prospective CARDIA study, an inverse relation-

Table 11.1

Human studies showing signiﬁcant anti-obesity effects of increased calcium intake
Period

Verum group

Results

References

A. Re-examination of earlier epidemiological studies
NHANES III

c-s

HERITAGE Family Study

c-s

CSFII study
Portuguese Health
Interview Survey
Quebec Family Study

c-s
c-s
c-s

CARDIA study

10 years

Inverse association between:
calcium intake and risk of being in the
highest BMI quartile
calcium intake and BMI, % body
fat and (black men) obesity
intake of dairy calcium and BMI
dairy intake and BMI
dairy consumption and abdominal
circumference
dairy intake and obesity

Loos et al., 2004
Albertson et al., 2003
Marques-Vidal. et al.,
2006
Jacqmain et al., 2003
Pereia et al., 2002

Davies et al., 2000

Davies et al., 2000
Barger-Lux et al., 2001
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B. Re-examination of prior observation and intervention studies with skeletal endpoints
Significant inverse relationship
between:
150 + 198 women 19–26 years
c-s
calcium intake and BMI
(2 cohorts)
70 + 216 midlife women
8 years/
calcium intake and midlife weight
(2 cohorts)
21 years
gain
In the verum compared with the
placebo group:
216 women >65 years
4 years
+1.2 g/day Ca;
signiﬁcantly more weight loss over
same energy
4 years
intake
Young healthy women,
3 years
+1.5 g/day Ca
less fat/more lean body mass
19–26 years

Zemel et al., 2000
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Subjects

Table 11.1

Continued
Period

Verum group

Results

African-American women
80 obese, 10–14 years; Ca
below recommendations
35 non-obese adults
(mean 31 years)

c-s
c-s

calcium intake and BMI
calcium intake and overweight/obesity

—

African-American
hypertensive males +
NIDD
32 obese adults

1 year

+2 servings
yoghurt/day

Ca intake is positively associated with
fat oxidation**
In the verum compared with the
placebo group:
4.5 kg less body fat (p < 0.01)*

24 weeks

Standard diet
(450 mg/day Ca,
500 kcal/day
deﬁcit) +
800 mg/day
Ca supplement

Signiﬁcantly more weight loss (−8.4%
vs. −6.4%)

Lin et al., 2000
Lovejoy et al., 2001

Tanasecu et al., 2000
Carruth and Skinner,
2001
Skinner et al., 2003
Buchowski et al., 2002
Lelovics, 2004
Melanson et al., 2003

Zemel et al., 1990
Zemel and Miller, 2004

* % or kg body fat were assessed by dual energy x-ray absorptiometry (DEXA); ** measured by whole-room indirect calorimetry.
c-s = cross-sectional, c-c = case control, NIDD = non-insulin dependent diabetic.
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C. Observation/intervention studies relating nutrient (or especially calcium) intake to body composition
Significant inverse relationship
between:
54 normal weight women,
2 years
energy-adjusted Ca intake and change
18–30 years
in weight/fat
Midlife Caucasian women
c-s
calcium intake in midlife and
BMI/body fat*
Midlife African American
c-s
no calcium effect
women
Puerto Rican children
c-c
dairy product (∼ calcium) intake and
obesity
53 white preschool children,
until 8 years
calcium intake and body fat
initially 2 years old
accumulation*

References
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ship was found between milk and dairy products intake and several
parameters associated with insulin resistance, including obesity (Pereia
et al., 2002).
Although positive results were independent of whether calcium intake
itself was estimated in the respective study or whether milk was taken as a
measure of calcium intake, the approach for assessing calcium intake may
be criticised, as calcium was not the prime test parameter in the studies
mentioned. This criticism is, however, weakened by the fact that evidence
also came from studies relating nutrient intake to body composition and
from the re-analysis of clinical observational studies and controlled intervention trials, with the primary focus on the calcium effect on bone mass
or blood pressure respectively (Table 11.1). By reverting to the same pool
of studies with skeletal endpoints, Davies and colleagues (2000) and Heaney
(2003) re-examined data from 780 women of young, middle and older age
(four observational studies and one randomised controlled trial) or from
348 young women (19–26 years) from two cohorts respectively. Overall the
authors found a signiﬁcant negative association between calcium intake and
body weight. The weight increase per year of women of middle age was also
negatively associated with calcium consumption (Heaney, 2003). Young
women at the lower (25%) quartile of calcium intake had a 15% prevalence
to overweight, whereas a high calcium intake according to the recommended dietary intake (RDA) was associated only with a 4% prevalence
(Heaney, 2003), and the odds ratio (OR) for being overweight was 2.25
when calcium intake was below the median (Davies et al., 2000). Davies et
al. also calculated from the results of the intervention studies, that the daily
consumption of a 1500 mg calcium supplement would reduce body weight
signiﬁcantly as compared with a placebo group and that 3% of the weight
change can be explained by the level of calcium intake, whereby an increase
of calcium intake by 1 g accounts for a weight reduction of 8 kg. The reexamination of further clinical studies (six observational studies and three
clinical trials, with skeletal or circulation endpoints) by the same group
conﬁrmed the above-mentioned results in terms of quality and quantity
(Heaney et al., 2002).
Despite these, overall, quite consistent results, it must be stated explicitly
that re-examination of previous studies and, in particular, of observational
studies provides, for several reasons, not the strongest evidence for an antiobesity effect of calcium.
The original goal of these studies was not to investigate the effects of
calcium on weight loss, therefore the study design and, in particular, the
choice of the independent variables and primary study parameters are often
not optimised for the problem of interest. Another problem is that some of
the studies are included and re-used in various combinations for several
re-examinations and meta-analyses of the calcium effect, which leads
only to an apparently increased statistical power. Finally, if associations
are derived from observational studies, no evidence of causality can be
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ascertained, even if the data allow for control of possible confounding
factors such as energy intake or physical activity. A high or low intake
of dairy products (and thus of calcium) could, for example, be simply
the consequence of a lifestyle that favours a lower or higher body
weight.
Therefore it is particularly important that, in recent years, some studies
have been published that test explicitly the effect of calcium on body
weight, body fat and the efﬁcacy of weight-reduction diets. An epidemiological, population-based, cross-sectional observation study in 357 male and
470 female Tehranian adults aged 18–74 years showed an inverse association between milk, cheese and yoghurt consumption (assessed with the use
of a 168-item semi-quantitative food-frequency questionnaire) and parameters of the metabolic syndrome – including waist circumference and obesity
(Azadbakht et al., 2005). Subjects in the highest compared with the lowest
quartile of dairy intake had lower odds of having enlarged waist circumference (OR = 0.63 vs. 1; p < 0.001) and a lower prevalence of obesity (17 vs.
23%; p < 0.04). The ratios became weaker after adjustment for calcium
intake, indicating that the effect of dairy consumption on waist girth and
obesity is only partly mediated by dietary calcium.
Numerous smaller observational studies of recent years, with between
35 and 80 participating subjects and observation periods of between 2
months and 8 years, relating nutrient or especially calcium intake to body
composition, consistently revealed that a high calcium intake from the
regular diet in childhood and adulthood as well as supplemental calcium is
associated with a lower body weight (or BMI), less body fat due to a shift
from fat to lean body mass and less age-dependent weight gain in midlife
(Table 11.1). Moreover, calcium increased the efﬁcacy of energy-reduced
weight-reduction diets.
There are only a small number of (prospective) intervention trials in
humans using calcium supplementation and body weight gain as independent and dependent study variables. In an earlier, placebo-controlled intervention trial in diabetic African-American males, the intake of ∼300 mg/day
calcium as yoghurt (two servings per day) throughout 1 year also increased
body fat loss signiﬁcantly by 4.5 kg (Zemel and Zemel, 1990). Zemel and
co-workers (2004) also reported signiﬁcantly greater weight loss (−10.9%)
in subjects on a standard energy-deﬁcient diet plus dairy products compared with subjects on the same standard diet alone or plus calcium supplements from other sources (−8.6% or −6.4% respectively; p < 0.01, n = 32,
24 weeks). Consumption of calcium and milk products enhanced particularly truncal fat loss, as shown in a randomised controlled study on 34 obese
adults (Zemel et al., 2005). Addition of three servings per day of calciumfortiﬁed low-fat yoghurt to an energy-reduced (−500 cal/day) low-calcium
diet over 12 weeks increased weight loss by 22%, body fat loss by 61% and
central fat loss by 81%.
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Epidemiological and intervention studies showing no
calcium effect
However, not all cell culture and animal experiments conﬁrmed the mechanism of the calcium effect proposed by Zemel and co-workers, and not all
epidemiological studies and intervention trials observed positive effects of
calcium supplements and/or milk products on body weight. Feeding normal
or energy-dense diets differing in calcium content (0.2–1.8%) to normal and
obese rats and mice (Paradis and Cabanac, 2005, Zhang and Tordoff, 2004)
had no signiﬁcant effect on energy intake, body weight or body fat and did
not show the inverse relationship between 1,25-dihydroxy-vitamin D3 or
parathyroid hormone (PTH) and body weight that is propounded by Zemel
and co-workers (Shi et al., 2001). In addition, the core of Zemel’s hypothesis,
that a diet-induced decrease of intracellular calcium concentration in the
adipocytes would enhance lipolysis and decrease fat deposition in adipocytes could not be conﬁrmed in any of these studies. For example, when
intracellular calcium in white adipose tissue was increased artiﬁcially by
adrenergic stimulation, this was even associated with enhanced lipolysis
(Boschmann et al., 2002). This coincides with ﬁndings made by Barr and
co-workers (2004). Repeating the analysis of Zemel et al. (2000), but using
the data from 6878 instead of 380 women, as in the NHANES III study,
they did not observe a signiﬁcant association between a low calcium or milk
product intake and the risk of being in the highest quartile for body fat. A
lack of relationship between calcium intake and BMI was also found in an
observational study on 65 adult and 78 infant Pima Indians (Venti et al.,
2005). In this case the authors explain the negative study results with
the fact that Pima Indians are genetically prone to becoming obese, and
that this could conceal a weak calcium effect. The Fourth Tromso study, a
Norwegian population study on 9252 men and 9662 women, even showed
a positive association between calcium intake and BMI in men and an
unexpected negative association between vitamin D intake and BMI in
both sexes (Kamycheva et al., 2003). In addition, in a longitudinal observation study in 1200 adolescents weight gain over 3 years was even directly
proportional to the number of dairy product servings per day (Berkey
et al., 2005).
In two recently published randomised controlled intervention trials on
obese adults, high-calcium, energy-restricted diets (2400 or 1400 mg/day
calcium, mainly from dairy products) caused the same (Bowen et al., 2005)
or a non-signiﬁcantly higher (+20%; Thompson et al., 2005) loss of body
weight and body fat, compared with the same energy-restricted diets containing 500 or 800 mg/day calcium respectively.
Furthermore, administration of 1 g/day ‘extra calcium’ did not promote
postpartum loss of body weight and fat in lactating and non-lactating
mothers (Wosje and Kalkwarf, 2004). The same calcium dose increased
weight and fat loss in 100 pre- and postmenopausal women following an
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energy-restricted diet over 25 weeks; however, this increase was not signiﬁcant (Shapses et al., 2004).
11.2.3 How to weigh up the differing study outcomes
All in all there is, at this point in time, some confusion about the extent and
importance of the postulated role of supplemental calcium or dairy products in weight management. One comment (Clifton, 2005) concludes from
the recently published studies that did not ﬁnd a calcium effect, that this
may be ‘the beginning of the end for the dietary calcium and obesity
hypothesis’. This is certainly not correct, as the author does not explain or
consider otherwise the ﬁndings of the numerous studies with a positive
outcome.
On the other hand it is still completely unclear how the different outcomes of the ‘positive’ and ‘negative’ studies come about. Erroneous estimates of calcium intake are certainly not the explanation, because in both
fractions there are small and observational studies in which regular consumption of dairy products and other calcium sources was estimated according to food-frequency questionnaires, as well as controlled intervention
trials with deﬁned and controlled administration of supplemental calcium.
Also, with respect to other factors – such as, ethnicity, age, the pre- or postmenopausal stage of women, weight or sex of the subjects, the energy provided (i.e. normocaloric or calorie-restricted diets) and the calcium content
of the basal diet or the amount of supplemental calcium – the positive and
negative studies do not differ completely. Other parameters such as the
nutritional, calcium or vitamin D status of the study subjects, the bioavailability of calcium from different sources as well as the inﬂuence of other
diet components (except for milk and dairy components) were usually not
taken into consideration.
It seems rather likely that the inﬂuence of calcium on body weight and
body fat is in any case rather small, and that therefore already small differences between studies concerning design, study population or other factors
not included in the compilation of the results, could decide on whether an
effect is apparent or even statistically signiﬁcant. Beyond that, those studies
that were originally designed to address other topics, and which were then
re-analysed, need to be interpreted particularly cautiously. In addition,
cross-sectional/observational studies are not usually suited to uncovering
causal relationships, but show only associations.
In order to examine the role of dietary calcium in weight management,
more well-designed longer-term intervention studies with a sufﬁcient
number of participants, deﬁned endpoints and well-characterised target
groups are required, as well as knowledge of the underlying mechanisms.
It will be, after all, not so much a question of whether calcium has an antiobesity effect or not (in reality there is mostly an ‘under certain conditions
yes, otherwise no’), but rather in which target group can calcium play a role
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in weight management, and to what extent, and how this impact is modiﬁed
by other factors.

11.3

Mechanisms: calcium and the regulation of
energy metabolism

How does calcium work? Although the physiological or cell-biology basis
for the changes in body weight and body fat has not been fully elucidated,
a hypothesis has been developed by Zemel and co-workers (2000), based
largely on experiments in the obese agouti mutant mouse (Jones et al., 1996,
Shi et al., 2001, Xue et al., 1998, 2001, Zemel et al., 1995). The agouti protein
is involved in the development of the wild-type coat colour of agoutis
(South-American guinea pig-like rodents), mice and other mammals.
Furthermore, it plays a role in the regulation of food intake. Overexpression of this protein due to a vital mutation in the encoding gene
locus in mice not only leads to a yellowish coat colour, but also to body
fat accumulation, insulin resistance and hyperinsulinaemia with aging.
Feeding highly palatable diets to these animals causes overeating and
leads to obesity, an effect that can be prevented by increasing the calcium
content of the diets, e.g. from 0.4 to 1.2% (Zemel et al., 2000).
According to Zemel’s hypothesis, consumption of relatively large
amounts of dietary calcium increases circulating [Ca2+] and decreases
counter-regulatory serum concentrations of the calcitropic hormones PTH
and, as a consequence, vitamin D (calcitriol, 1,25-dihydroxy-vitamin D3).
Calcitriol increases intracellular [Ca2+] in cultured human adipocytes when
added to the cell-culture medium. This means for the above-mentioned
metabolic steps, that the decreased serum calcitriol in turn down-regulates
Ca2+ inﬂux into adipocytes and thereby reduces intracellular [Ca2+] (Fujita
and Palmieri, 2000, Palmieri et al., 1998, Shi et al., 2001, Zemel et al., 2000).
Intracellular calcium is involved in the regulation of several key enzymes
of fat and energy metabolism, including fatty acid synthase. Decreased
adipocyte intracellular [Ca2+] thereby stimulates lipolysis, fatty acid oxidation (Melanson et al., 2003) and in some studies the expression of uncoupling protein 2 and thereby thermogenesis. According to these mechanisms,
increased body core temperature was observed in mice fed a high-calcium
diet (Zemel et al., 2000). At the same time lipogenic gene expression and
fatty acid synthase activity are inhibited, but a contribution of de novo
lipogenesis in the development of obesity in humans remains doubtful
(Hellerstein, 1999). All these effects result in decreased adipocyte lipid
accumulation (Shi et al., 2001), weight and body fat reduction and an overall
shift of dietary energy from adipose tissue to lean body mass.
Other studies, however, did not support these proposed mechanisms.
Feeding normal or energy-dense diets differing in calcium content (0.2–
1.8%) to normal and obese rats and mice had no signiﬁcant effect on energy
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intake, body weight and body fat, and did not show the inverse relationship
between 1,25-dihydroxy-vitamin D3 or PTH and body weight (Paradis and
Cabanac, 2005, Zhang and Tordoff, 2004). Papakonstantinou and co-workers
(2003) observed less weight gain and less body fat in rats on a high- (2.4%)
compared with a low- (0.4%) calcium diet. They, however, did not ﬁnd the
increase in body core temperature as predicted by Zemel, and the observed
effects on fat and weight were explained simply by increased faecal excretion of fat.
This brings up again an idea proposed a longer time ago, according to
which the divalent cation calcium prevents the intestinal absorption of part
of the dietary fat and increases faecal lipid loss and sterol excretion forming
insoluble fatty acid soaps and bile salts (Denke et al., 1993, Drenick, 1961,
Vaskonen et al., 2001, 2002, Vaskonen 2003, Welberg et al., 1994). By the
same mechanism calcium may enhance a cholesterol-lowering effect of
other food components, e.g. plant sterols (Vaskonen et al., 2001). The extent
of this effect increased with an increasing proportion of long-chain saturated fatty acids in the diet, whereby, with Western eating habits, the energy
excretion with fat is probably around 1 and 3% of the daily energy supply,
i.e. around 30 and 90 kcal/day. In a study by Shahkhalalili and co-workers
(2001) calcium fortiﬁcation of chocolate doubled calcium ingestion from
950 to 1855 mg/day and increased faecal fat excretion by ∼36 kcal/day
(4.04 g/day). This effect seems small, but in the long run it can contribute a
signiﬁcant share to fat and weight loss. From the above data a body-fat
reduction by 1–4 kg/year is calculated, although other studies ﬁnd weaker
effects (Table 11.2).

Table 11.2 Effect of a 300 mg (one serving) increment in regular calcium intake
on body weight and body fat (according to Heaney et al. (2002))
Group

Period

∆Body weight*

Children

2–96 month

Young women

8 years

−2.5 kg

Middle-aged
women
Elderly women

1 year

−0.11 kg/year

1 year

−0.16 kg/year

Adult women

n.a.

−3 kg

AfricanAmerican
men

1 year

∆Body fat*

Reference

−1.0 kg

Carruth and
Skinner, 2001
Davies et al.,
2000
Davies et al.,
2000
Davies et al.,
2000
Zemel et al.,
2000
Zemel et al.,
1990

−4.9 kg

* Differences between groups or highest versus lowest quartiles in cross-sectional studies, or
differences per year in longitudinal and intervention studies.
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A third possible mechanism, which may slightly contribute to weight
reduction as well, has been the subject of a recent publication (Ping-Delfos
et al., 2004). In a randomised, blind, controlled cross-over study with a
sequential-meal design, 11 overweight or obese subjects (mean BMI 31 kg/
m2) consumed isocaloric high (543 mg calcium and 349 IU vitamin D) and
low (248 mg calcium and 12 IU vitamin D) dairy calcium breakfasts followed by a very low calcium (48 mg calcium and 25 IU vitamin D) standard
lunch. High calcium intake did not affect hunger and satiety immediately
after the meal, but did signiﬁcantly reduce spontaneous food intake over
the subsequent 24 h.

11.4

Dietary versus supplementary calcium and
weight control

Many of the above-cited papers, which compare dairy calcium with calcium
supplements or calcium-fortiﬁed non-dairy food, show a somewhat greater
effect of the former. This suggests that other milk components may modulate the weight-loss effect of calcium or have an effect of their own. These
dairy components are possibly whey proteins and peptides, which may work
synergistically with calcium to alter lipid metabolism and/or to affect postprandial satiety.
On the other hand, these studies also show that calcium has an antiobesity effect of its own that is independent from other components of the
diet. However, based on the results of the available positive studies and
without exact knowledge of the mechanism, it is not possible to answer the
question as to what extent this calcium effect is independent from the level
of the ‘normal’ dietary calcium intake. According to our current understanding it could make sense to increase calcium intake above that of the
recommended intake by using calcium-fortiﬁed food and/or calcium supplements in order to optimise intake for an anti-obesity effect.
In addition, the contribution of the different mechanisms (i.e. the Zemel
mechanism versus the formation of calcium soaps) to the overall calcium
effect is not clear, although answering this question may be of a certain
relevance for the development of calcium supplements and calciumfortiﬁed food. The use of highly water-soluble complex calcium salts and
the addition of caseinophosphopeptides improves calcium bioavailability, increases calcium absorption and thus promotes lipolysis, fatty
acid oxidation and increased loss of lipids from adipocytes according to
Zemel’s hypothesis, while the formation of calcium soaps and thus the
intestinal fat excretion would be reduced.
Independent of the answer to these questions, some quantitative information can be given to the extent of the anti-obesity effects of calcium. A
quantitative re-analysis of the data from Davies and Heaney (Davies et al.,
2000), using simple bivariate and multiple regression models, revealed
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that calcium intake accounted for ∼3% of the variation in BMI in
young women and that each 100 mg increment in daily calcium intake
would decrease average BMI by 0.3 kg/m2 (according to a regression
coefﬁcient of 0.003). The apparent weakness of this association may
be partly due to the fact, that the respective studies had not been designed
to investigate the effect of calcium on body weight, but had skeletal endpoints. Indeed, other studies showed somewhat greater effects in adults
(Table 11.2).
The actual importance of these effects becomes evident regarding population means (i.e. for weight, BMI or body fat). In young women, an increase
in calcium intake by 600 mg/day from 500 to 1100 mg/day causes a drop in
mean BMI of 1.8 kg/m2 (−8%), but decreases the predicted prevalence of
overweight (BMI > 26 kg/m2) substantially by 78% from 16.6 to 3.6% and
the prevalence of obesity (BMI > 30 kg/m2) by 84% from 0.99 to 0.16% of
that age group (Heaney et al., 2002). Midlife weight gain decreased by 97%
from 0.4 kg/year to 0.01 kg/year comparing women with 25% of the recommended calcium intake with those who had the recommended calcium
intake (Heaney, 2003); 3.5–4.5% less body fat in pre-school boys and girls
(body fat ∼18–21%), correlates to one additional serving of calcium per day
(300 mg), means a drop in body fat of −20% (Carruth and Skinner, 2001).

11.5

Using calcium in functional food products

Generally, functional foods are neither dietetic products nor food supplements, but processed foods with distinctive added-value features such as
health and well-being. In order to be able to differentiate themselves
from the established products, food companies use speciﬁc health claims,
among which the link between calcium and bone health is one of the
most widely used and accepted claims worldwide. According to Leatherhead
Food International (2005), the functional foods market in the ﬁve
major European markets, the United States, Japan and Australia had a
combined turnover of US$ 9.9 billion in 2003. Leatherhead uses a
strict deﬁnition, measuring only products that make genuine functional
health claims. By country, this can be broken down as follows: Japan, 45.3%;
United States, 26.9%; France, 7.2%; UK, 7.1%; Spain, 5.5%; Germany, 4.9%;
Italy, 1.9%; Australia, 1.2%. Total sales are expected to increase by 16% per
annum over the next 5 years to reach US$ 21 billion by 2008, with
Japan accounting for the lion’s share. The global market can also be segmented by health beneﬁt. Allowing for sector overlap, a breakdown analysis
reveals that gut health products dominate, with sales of about US$ 5.7
billion (38%), ahead of immune function with US$ 4.7 billion (32%),
heart health with US$ 2.55 billion (17%) and bone health with US$ 1.95
billion (13%).
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11.5.1

General aspects: calcium sources used, applications,
market segmentation
Table 11.3 gives an overview of the calcium salts signiﬁcantly used for functional food products in Europe and the United States, their calcium contents, main application areas and typical fortiﬁed product examples (baby
food, clinical nutrition and dietetic food applications are not considered in
this table).
Nowadays, practically every type of foodstuff does have a fortiﬁed line
already. Looking at the ingredients list, it is evident that there is not ‘the’
calcium source but rather a range of different products used
commercially:
•
•
•

inorganic salts such as calcium carbonate, calcium chloride and calcium
phosphates;
organic salts such as calcium lactate, calcium lactate gluconate and
(tri-)calcium citrate;
natural calcium salts such as milk calcium (mainly consisting of calcium
phosphate);

With regard to total volumes used in the industry, the inorganic salts calcium
phosphate and especially calcium carbonate are clearly dominating due to
their high calcium content combined with a low price level. However, in
addition to economic considerations, technological aspects such as solubility, stability, ease of processing and taste on the one hand, as well as nutritional aspects such as palatability and bioavailability on the other hand, are
vital when choosing the appropriate calcium salt.
11.5.2 Technological aspects
Solubility and dispersibility
As summarised in Table 11.3, insoluble forms of calcium (calcium carbonate, calcium phosphate, milk calcium) are preferred in non-liquid applications such as cereals and energy bars and can even be used at high
concentration levels. However, when liquid formulations are to be fortiﬁed,
solubility, stability and taste of ingredients are much more important. As
displayed in Table 11.3, there are organic calcium salts with good solubility
like calcium lactate and those with excellent solubility like calcium lactate
gluconate, but their drawback is a comparably low calcium content (13%).
Calcium chloride (27% calcium) displays good solubility, but its use is
limited to applications with low fortiﬁcation levels due to its bitter and salty
taste. On the other hand, other inorganic salts with a high calcium content,
for example calcium carbonate and calcium phosphate, are poorly soluble
and for that reason can only be used in speciﬁc liquid applications. Tricalcium
citrate offers a good combination, having a high calcium level (21%) and
moderate solubility (0.9 g/l).
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Ca salt

Ca content
(%)

Solubility
(g/l water, RT)

Ca carbonate

40

Insoluble

Ca chloride 2aq

27

970

Ca gluconate
Ca lactate 5aq

9
13

35
66

Ca lactate gluconate

13

400

Ca phosphate

17–36

Insoluble

9–28

Insoluble

Milk Ca
Tricalcium citrate
4 aq

21

RT, room temperature; aq, H2O.

0.9

Ca content of product
(mg/100 g)

Main applications

Product example

Cereals, dairy and soy
products, energy
bars
Sports drinks

Whole grain ﬂakes with
vitamins, ﬁbres and
minerals
Non-carbonated sports
drink beverage
Juice drink with Ca
Fruit juice lemonade
plus Ca
Carbonated soft drink
with vitamin C and
Ca
Soy milk with Ca

182

Milk drink with vitamin
D and Ca
Kids dairy dessert with
Ca

120

Beverages
Beverages
Beverages, dairy
products
Cereals, dairy and soy
products, juices,
energy bars
Dairy products,
energy bars
Beverages, dairy and
soy products

24
42
24
62
120

130
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Table 11.3 Calcium (Ca) salts signiﬁcantly used for fortiﬁcation in functional food products in Europe and the United States and
current product examples from retail
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Solubility is strongly inﬂuenced by the pH of the system since the solubility of calcium salts typically increases with decreasing pH (Clydesdale,
1988). According to ﬁnal calcium-fortiﬁed liquid products available in
European and US supermarkets (Gerstner 2002a, 2004), slightly soluble to
insoluble calcium salts (calcium carbonate, calcium phosphate, milk calcium,
tricalcium citrate) can be used in the following liquid product categories.
1

Clear beverages at low dosage levels and, preferably, pH below 4.5 (typically ≤50 mg total calcium/100 ml).
2 Cloudy beverages at pH values below 4.5, such as orange juice (typically
≤146 mg total calcium/100 ml).
3 Milk and dairy drinks (typically 130–180 mg total calcium/100 ml).
4 Soy drinks (typically 75–140 mg total calcium/100 ml).

In contrast to the beverages of category 1, where calcium salts are dissolved,
calcium salts used for the beverages of categories 2–4 are predominantly
dispersed. In order to further increase solubility, dissolving or ease of dispersion, particularly ﬁne (micronised) powders have been developed. In the
case of tricalcium citrate, particle sizes are <70 µm at a low and <20 µm at
a high fortiﬁcation level. Why are dispersed systems preferred in categories
2–4? One of the main reasons is the lower price for tricalcium citrate,
calcium carbonate and calcium phosphate compared with more soluble
(organic) calcium forms. In any case, the feasibility of calcium addition has
to be considered as cloudy beverages, milk and soy products represent a
complex food matrix from the technological point of view.
Taste
Generally, high levels of calcium, particularly insoluble forms like carbonates and phosphates, tend to produce a chalky mouthfeel, form sediments
and may promote astringency or bitter taste in the ﬁnal product (Flynn and
Cashman, 1999). Calcium lactate may impart some bitter notes at high
concentrations, comparable with characteristics found for calcium chloride
(Tordoff, 1996). Calcium carbonate may come across as soapy or lemony.
Calcium phosphate has a bland ﬂavour, but imparts a gritty mouthfeel.
Negative effects of calcium on taste can be masked with chelating agents
(e.g. tripotassium citrate) and the use of stabilisers (e.g. carrageenan), as
well as with the addition of ﬂavourings. Tricalcium citrate and calcium
lactate gluconate are considered to be among the most neutral tasting salts
in most applications and can be applied at high dosage levels.
With regard to calcium lactate gluconate, Technical University MunichWeihenstephan has performed detailed studies on taste properties (Gerstner,
2002b). Triangle taste panels with trained students and scientists have
detected and evaluated differences between fortiﬁed and non-fortiﬁed
samples at different calcium lactate gluconate concentrations. In apple juice
for example, fortiﬁcation with calcium lactate gluconate could not be
detected at up to 150 mg added calcium/100 ml. For cloudy juices (category
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2), tricalcium citrate and its derivative calcium citrate malate are the preferred choices due to their good compatibility with fruit-based juices and
their low effect on taste.
Ease of processing and stability
It is known that using highly soluble calcium salts at high concentrations
may lead to adverse effects in dairy and soy applications, especially during
the heating step (Flynn and Cashman, 1999, Reddy et al., 1999). The addition
of mineral salts and especially of calcium has a strong impact on the functionality of these products. With higher-solubility salts more free calcium
ions are in solution and available for reaction than with lower-solubility
salts and so complications in the form of gelation and calcium sediments
can develop during processing, heat treatment or shelf life. This is the case
if phosphates and proteins naturally contained in milk and soy beverages
react with available calcium. Thus, although it might be easier to add highly
soluble calcium salts rather than insoluble calcium salts to milk and soy
products, higher amounts of calcium might be difﬁcult to achieve without
control of pH and addition of stabilisers and chelating agents (Flynn and
Cashman, 1999, Reddy et al., 1999). In contrast to the other calcium salts,
tricalcium citrate is an interesting physical anomaly as it is less soluble at
higher temperatures. Due to this inverse solubility, tricalcium citrate is less
reactive during the heating process, thus minimising precipitates, fouling
and cleaning intervals (Gerstner, 2004).
Among the soluble calcium forms, calcium lactate gluconate has the
highest solubility of all commonly used organic calcium salts, which is the
main functional advantage of this product (Table 11.3). Its solubility is synergistically enhanced to approximately 400 g/l water and well beyond that of
the relatively highly soluble single components calcium lactate (66 g/l) and
calcium gluconate (35 g/l). The reason for this phenomenon of extremely
high solubility is believed to be the ability of mixtures of lactate and gluconate ions to form metastable complexes with calcium ions in solution, which
provides additional stability beneﬁts in food and beverage applications.
At the Technical University Munich-Weihenstephan, calcium lactate gluconate was tested for important processing parameters such as the dissolution
characteristics of highly concentrated solutions (K.-H. Engel, personal communication, 2002). Concentrations of up to 50% could be reached within
minutes without negative consequences on colour or odour, and with only a
slight inﬂuence on pH. In storage stability tests, solutions with concentrations of 5, 10 and 30% calcium lactate gluconate remained stable at room
temperature for at least 1 week. These characteristics signiﬁcantly reduce
the time needed for adding calcium during processing. High dissolubility and
stability can also be deciding factors as to when calcium lactate gluconate is
used in concentrates or instant preparations.
It is also possible to combine insoluble with more soluble salts to control
costs while having acceptable solubility/dispersibility in the ﬁnal product. In
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this respect, calcium-fortiﬁed products contain combinations such as calcium
phosphate–calcium lactate, calcium carbonate–tricalcium citrate as well as
tricalcium citrate–calcium lactate gluconate (Gerstner 2002a, 2004).
11.5.3 Nutritional aspects
Calcium bioavailability of tricalcium citrate compared with calcium
carbonate and calcium phosphate
Any nutrient’s effectiveness depends on its bioavailability, which means
how well the human body absorbs and utilises it. On average, only about
10–30% of calcium is absorbed from a mixed diet by healthy adults (National
Research Council, 1989). Several different factors inﬂuence this level,
among others, the type of calcium salt used for fortiﬁcation purposes.
A review on calcium citrate and bone health has been published recently
(Edelstein, 2004). Various scientiﬁc studies have shown that organic calcium
salts outperform inorganic calcium sources such as calcium carbonate and
calcium phosphate with regard to their relative bioavailability. Accordingly,
the US National Institutes of Health recommended calcium citrate for
supplementation, especially for older individuals where absorbability can
be a limiting factor due to reduced gastric acid production (National
Institutes of Health, 1994).
Researchers at the University of Texas conducted a meta-analysis of
calcium bioavailability, which evaluated 15 studies on the bioavailability of
two of the most common forms of calcium supplements, tricalcium citrate
and calcium carbonate (Sakhaee et al., 1999). All but one study showed
signiﬁcantly greater absorption of calcium from tricalcium citrate than from
calcium carbonate, ranging from +5 to +97%. Based on the statistical evaluation of all 15 studies, the authors conﬁrmed this superior bioavailability of
tricalcium citrate and calculated it to be, on average, +22 to +27% compared
with calcium carbonate, regardless of whether the supplement was taken
on empty stomach or co-administered with meals.
Absorption of calcium from soy milk fortiﬁed with tricalcium phosphate
reached only 75% of the efﬁciency of absorption of calcium from cows’
milk (Heaney et al., 2000). Similarly, calcium phosphate has also been
described in scientiﬁc studies to display lower bioavailability than tricalcium citrate or its derivative calcium citrate malate. In commercially marketed calcium-fortiﬁed orange juices, bioavailability was 48% greater for
calcium citrate malate than for a tricalcium phosphate–calcium lactate
blend (Heaney et al., 2005). In long-term clinical studies with elderly women,
tricalcium citrate displayed a signiﬁcant, almost three times higher absorption than calcium phosphate (Riggs et al., 1998).
Effect of calcium lactate gluconate on bone density
Besides tricalcium citrate, calcium lactate gluconate is among the most
intensively researched organic calcium salts with regard to bioavailability.
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Its superior effect on fractional absorption rate of calcium, calcium bioavailability biomarkers (urinary and serum ionised calcium and PTH) and
bone mineral density (BMD) have been reviewed previously (Gerstner,
2003).
The main purpose of the recommended high calcium intake is osteoporosis prevention. Therefore, an increase in BMD or bone stability is a better
criterion for the efﬁcacy of a calcium salt than its absorbability. Calcium
lactate gluconate, when administered to 19 non-menopausal women with
osteoporosis during or after a hormone therapy, signiﬁcantly reduced bone
fracture rate (Almustafa et al., 1992). Moreover, in a study in 50 Chinese
women, aged 62–92 years, calcium lactate gluconate increased BMD of the
hip more than exercise (Lau et al., 1992). Additional evidence of beneﬁcial
effects on bone health of calcium lactate gluconate (via Calcium Sandoz®)
was supplied by a meta-analysis of Schaafsma et al. (2001). The authors
compared 16 clinical studies in elderly and late postmenopausal women
(mean age 58–79 years), who were supplemented for 12–48 months with
500–1250 mg/day calcium as calcium lactate gluconate, calcium carbonate,
calcium citrate and other salts. Without exception, intake of Calcium
Sandoz® calcium lactate gluconate increased BMD of the lumbar spine
between +0.2 to +1.8%, whereas other supplements, even very well absorbable salts such as calcium citrate malate, partly decreased BMD. Thus, supplementation with calcium lactate gluconate is likely to improve bone
health more effectively than calcium citrate malate or calcium carbonate.
11.5.4 Calcium-rich functional food products with anti-obesity claims
Although the majority of calcium-fortiﬁed functional food products
have the purpose of providing calcium in sufﬁcient amounts to contribute
to the prevention of osteoporosis, there are some products on the market
bearing an anti-obesity claim. Three prominent examples from large
dairy companies that have been found in supermarkets in 2005 are shown
in Table 11.4.
However, these products contain relatively little calcium (≤300 mg/
serving, the Dannon product is without supplemental calcium). Therefore
for two of the products three to four servings per day are recommended in
order to provide a daily dose of 600–900 mg calcium. Such an amount
was sufﬁcient in clinical studies to have signiﬁcant effects on weight and
fat metabolism. For the third product no recommendation of several
servings per day is given. Hence, although it contains double the amount
of calcium compared with a conventional yoghurt, the postulated antiobesity effect is based on its low energy content (32 cal/serving), supplemental dietary ﬁbre and green tea extract, as well as the recommendation
of physical activity.
Besides the calcium originating from the dairy basis, the Yoplait yoghurt
had been fortiﬁed with tricalcium phosphate, whereas for the Nestlé dairy

Table 11.4 Examples of products rich in calcium and with anti-obesity claims
(purchased in 2005)
Product

Weight loss claim

Nutrition facts

Light ’n Fit®
non-fat yogurt
Blackberry,
Dannon, USA

Slim down with yogurt.
Lose more weight as
part of a reduced
calorie diet.
Dairy products, like
Light ’n Fit® yogurt,
have been shown in
studies to help you
lose more weight
and burn more fat
than just cutting
calories alone.*
*3–4 servings daily
(providing at least
600 mg of calcium
per day) as part of a
high-calcium,
reduced-calorie diet
Burn more fat
Recent research shows
that dairy foods, like
Yoplait, may help
you burn more fat
and lose more
weight than cutting
calories alone.*
*3 servings of dairy
daily in a reducedcalorie diet.
Check out www.
YoplaitUSA.com for
more ways to
develop a healthy
and effective weight
loss plan.
Helps to keep your
waistline!
A delicious milk drink,
which – in
combination with a
balanced diet and
regular physical
exercise – helps to
keep your waistline.
Sveltesse Line-Activ®
supports the fat
metabolism and thus
contributes to a
healthy and light
diet. Each bottle
contains dietary
ﬁbres, green tea and
double as much
calcium as a regular
yoghurt drink.

Labelled per serving (170 g):
Calories
90
Fat
0g
Sodium
95 mg
Potassium
270 mg
Carbohydrates
16 g
Protein
6g
Calcium
15% DV
(150 mg)
Phosphorus
15%
Vitamin A
6% DV
Vitamin D
20% DV
Riboﬂavin
15% DV
Vitamin B12
10% DV

Thick & Creamy
Vanilla,
Yoplait, USA

Sveltesse Line-Activ®
milk drink
strawberry, Nestlé,
Switzerland

Labelled per serving (170 g):
Calories
190
Fat
3.5 g
Cholesterol
15 mg
Sodium
100 mg
Potassium
310 mg
Carbohydrates
32 g
Protein
7g
Calcium
30% DV
(300 mg)
Phosphorus
15%
Vitamin A
15% DV
Vitamin D
20% DV

Labelled per serving (88 g):
Calories
32
Fat
0.1 g
Sodium
0.03 g
Carbohydrates
4.8 g
Protein
1.8 g
Calcium
26% EURDA
(211 mg)
Fibre
2.6 g

DV, US daily value, which is 1000 mg for calcium; EU-RDA, recommended daily allowance in
the European Union according to Council Directive 90/496/EEC (1990), which is 800 mg for
calcium.
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drink milk minerals had been used to increase calcium levels. The question
of which calcium salt has the best anti-obesity properties in functional foods
and drinks cannot be answered, as long as the contribution of the Zemel
mechanism and the formation of calcium soaps to the overall calcium effect
remains unclear. The former effect requires the use of highly water-soluble
complex calcium salts to increase serum calcium concentration, the latter a
high calcium concentration in the intestine.

11.6

Conclusions and future trends

Since the ﬁrst studies with the model of the agouti mouse and the reanalysis of older epidemiological studies brought forward the hypothesis of
an anti-obesity effect of calcium, numerous further animal experiments,
epidemiological studies and intervention trials on humans have been published. Nevertheless, an anti-obesity effect of calcium can no longer be
taken as given, as in the last few years a similar number of investigations
have been published that did not ﬁnd such an effect of calcium, at least not
a statistically signiﬁcant one. In the opinion of the authors of this chapter,
the main reason for this is that the anti-obesity effect of calcium is rather
moderate (meaning that overweight and obesity are not due to calcium
deﬁciency) and that it depends furthermore on numerous factors, endogenous and environmental, which are not, by any means, all known. Therefore,
studies of apparently similar design might have opposite results. Veriﬁcation
of the calcium effect is required in large clinical studies on healthy subjects
and on those with disorders in their lipid metabolism as well as elucidation
of the underlying mechanisms.
Besides Zemel’s hypothesis, that decreased intracellular calcium levels
brought about by increased dietary calcium would promote lipolysis, fatty
acid oxidation and the reduction of intracellular fat depots in adipose tissue,
two other mechanisms have been suggested as explanations of an antiobesity effect: increased faecal lipid loss due to the formation of calcium
soaps in the intestine as well as a decreased or later food intake after a
previous calcium-rich meal. The contribution, however, of the different
mechanisms to the overall calcium effect is unclear, although it is of critical
importance to decide whether calcium intake should be increased by consuming highly water-soluble complex calcium salts and the addition of
caseinophosphopeptides. Due to their high bioavailability, these complex
calcium compounds, like calcium lactate gluconate, indeed support the
Zemel mechanism, but it needs to be elucidated whether they also play a
role in the formation of calcium soaps and thus intestinal fat excretion.
Therefore, in the opinion of these authors, among others, it is at present
not justiﬁed to recommend an increased consumption of calcium-rich food
or calcium supplements as a crucial part of a public-health strategy for
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weight management purposes. On the other hand, it seems quite justiﬁed
to develop low-calorie foods for the purpose of maintaining weight reduction, and to fortify them with functional food components with weight
reducing properties, where calcium can also provide a relevant contribution
to health. Alongside this, the desirability of a plentiful calcium supply from
milk products, other (fortiﬁed) foods and calcium supplements remains
without question, particularly for osteoporosis prevention, but also for its
potential cancer-preventive effects and its favourable effect on blood
pressure.

11.7

Sources of further information and advice

Studies of the role of calcium in weight loss or the prevention of overweight
and obesity are a rather recent, still developing ﬁeld of research. It is absolutely necessary to be prepared to question once again ﬁndings that in the
past were thought to have been veriﬁed. Therefore, researchers who are
interested in this ﬁeld and who want to extend their knowledge, need to
resort to reviewing articles published in scientiﬁc journals and the original
literature cited in these articles, as well as any other original contributions,
which can, for example, be obtained from scientiﬁc data banks such as
Medline (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi). Monographs on
this topic in books are hardly available. Furthermore, the National Dairy
Council in the United States has a website (http://www.nationaldairycouncil.org/healthyweight/science.asp) that provides references exclusively for
studies showing a positive impact of calcium and dairy products in weight
management. The site contains short descriptions of the respective studies,
links to the original abstracts and another link to an issue of the Dairy
Council Digest with the title: ‘Dairy foods’ role in achieving a healthy
weight. Some food producers also have websites where speciﬁc information
on calcium and weight management are addressed, most notably General
Mills, USA (http://www.yoplait.com/health_archive_boost.aspx and http://
www.sogoodgirls.com). With regard to information on supplemental calcium
and obesity and on how to use calcium salts in functional food products,
food ingredients manufacturer Jungbunzlauer, Switzerland offers a dedicated download area in the Special Salts product group (http://www.jungbunzlauer.com/services/downloads.html).
On the other hand the scientiﬁc literature on the topic of overweight,
obesity and lipid metabolism is so extensive, and there are so many monographs, that it is virtually impossible to select a short list of representative
books or review articles. Therefore only one book published in 2004 by
Woodhead Publishing Limited is to be mentioned, with the title ‘Food, Diet
and Obesity’. It gives a comprehensive overview of the topic and contains
a chapter on ‘Calcium and obesity’ (Barr, 2004).
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Conjugated fatty acids, body
composition and weight control
J. L. Sebedio, UMR, 1019, INRA-Université d’Auvergne, France

12.1

Introduction

Conjugated linoleic acid or CLA is a collective name that has been used to
describe positional and geometrical isomers of linoleic acid (18:2n-6) having
two conjugated double bonds; some of these are shown in Fig. 12.1. Over
the past two decades and especially since the discovery of Ha et al. (1987),
who reported that an extract from grilled ground beef later identiﬁed as
CLA had biological effects, numerous studies have been carried out ﬁrst
on animals and lately in humans demonstrating the possible implications
of CLA isomers on health. A large number of studies both in animals and
humans have been carried out on mixtures of CLA isomers synthesised by
chemical means, others have investigated pure isolated isomers and only
very few have studied the natural CLA mixtures. A recently published book
gives a summary of the studies carried out up to 2003 (Sebedio et al., 2003).
These studies have shown that CLA could have an effect on the immune
system (Cook et al., 2003), on atherosclerosis (Kritchevsky, 2003), on
mammary cancer (Banni et al., 2003), and on body composition (Keim,
2003). This chapter will only deal with the possible effect on CLA isomers
on body composition and the data obtained from both animals and humans
will be discussed to evaluate the potential utilisation of CLA in body fat
reduction and weight control. We will ﬁrst look at the sources of CLA, then
at the actual consumption of CLA by humans, and we will describe the data
obtained in both animals and humans. We will then discuss the possibility
of incorporating CLA in functional foods.
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Fig. 12.1 Structures of some CLA isomers.

12.2

Sources of conjugated linoleic acid and
estimated daily intake

12.2.1 Natural sources
In food, CLA is found in products from ruminants such as milk and meat,
and products made from them such as cheese and cultured dairy products
(Parodi, 2003). CLA has been shown to be produced in the rumen as a result
of biohydrogenation from linoleic acid, a polyunsaturated fatty acid that is
found in the pasture. Rumenic acid or 9c,11t-18:2 is the major CLA isomer
produced. Biohydrogenation also produces 11t-18:1 fatty acid or vaccenic
acid. CLA has also been shown to be produced in the mammary gland by
∆9 desaturation of vaccenic acid which passed via the circulatory system to
the mammary gland and adipose tissue (Corl et al., 2001). The second most
important CLA isomer, the 7t,9c-18:1, has been shown to be only produced
in the mammary gland (Corl et al., 2002). Linolenic acid, a fatty acid present
in the pasture, does not directly produce rumenic acid but contributes to its
level by giving vaccenic acid which can then be converted to the 9c,11t
isomer.
As previously discussed the major CLA isomer in dairy and meat products is rumenic acid or 9c,11t-18:2. This isomer represents more than 70%
of the total CLA isomers (Table 12.1). It is accompanied by a mixture of
other cis,cis, cis,trans, and trans,trans isomers. Some earlier studies reported
CLA content of dairy products but it is only since the development of
sample preparation and sophisticated chromatographic methods (Christie,
2003) that the problems of co-eluting peaks and artefact formation could
be avoided. Direct gas-liquid chromatographic analysis does not allow separation of the different isomers. However, these can be resolved satisfactorily
by using silver nitrate high-performance liquid chromatography (Sehat
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Table 12.1 CLA content and content of 9c,11t (% of total isomers) in samples
of butter, cheese and beef fat (adapted from Parodi, 2003)
CLA

Butter
(n = 1)

Cheese
(n = 16)

Beef
(n = 20)

76.5
9.4
4.8
5.0

83.5
6.3
0.7
9.3

72.0
12.3
—
2.7

9c,11t (%)
Stt
Scc
Total (mg/g fat)

AgNO3, HPLC
9c,11t

GLC on CPSil88, 100 m
9c,11t

7t,9c
54

11c,13t
9t,11c 10t,12c 9c,11c
10c,12c
55

56

57

58

trans, trans

59

60

11t,13t
12t,14t

9t,11t

10t,12t

62

12t,14c
12c,14t

11t,13c

7t,9c

7t,9t
100.00

80.00

61

120.00

8t,10t

140.00

10t,12c
ChromSpher 5 lipids,
2 columns

Fig. 12.2 Silver nitrate high-performance liquid chromatographic analysis (AgNO3HPLC) on two ChromSpher 5 lipids columns and gas liquid chromatographic analysis (GLC) on a 100-m CPSil88 column of fatty acid methyl esters of milk lipid
(P. Juaneda and J. L. Sebedio, unpublished data, 2002).

et al., 1998), as reported in Fig. 12.2. As shown in Table 12.1 the CLA content
in food products is low and it will be important to take this into account
when discussing the data obtained from the human studies. Very similar
CLA contents were reported for different countries, the quantities ranging
from 1.0 to 28.7 mg/g of fat (Table 12.2). Of importance is the fact that the
level of CLA in these products can be modulated by different factors such
as the breed of the animal and the lactation number, and especially by the
diet (Parodi, 2003). However, cows fed the same diet can exhibit large
differences in milk CLA content (Parodi, 2003). The effect of the diet is

266

Novel food ingredients for weight control

Table 12.2 CLA content (minimum and maximum, in mg/g fat), cows’ milk from
different countries (adapted from Parodi, 2003)
Country

Number

Minimum
(mg/g fat)

Maximum
(mg/g fat)

Australia
Austria
France
Germany

17
13
198
909
593
12
23
63
11

10.3
5.2
2.1
1.0
4.9
6.3
5.6
3.6
7.1

18.5
14.4
15.6
10.5
18.9
16.7
18.2
13.3
10.8

21

19.2

28.7

21

6.0

14.4

Italy
Ireland
Netherlands
Switzerland

United Kingdom

Sample type
Cows (summer, fall)
Butter
Butter
Butter (barn-fed cows)
Butter (pasture-fed cows)
Butter
Butter
Butter
Milk(June–Sept lowland
grazing)
Milk(June–Sept highland
grazing)
Butter

illustrated in Table 12.2 for Germany and Switzerland. For the study carried
out in Germany, preparing a butter from milk from pasture-fed cows
resulted in almost triple the mean CLA content compared with butter prepared using milk from barn-fed cows. Similar results were reported for the
study carried out in Switzerland when comparing milk from highland and
lowland grazing cows. Milk from goats and sheep also contains similar
quantities of CLA but their contribution to the daily intake would only be
of importance for a number of countries from the Mediterranean region.
Feeding strategies to enrich CLA content of milk have also been studied.
Basically, two methods have been used to modify the CLA content of milk
fat. The ﬁrst one is to use techniques that increase the level of substrates for
CLA and vaccenic acid synthesis in the rumen and the second is to modify
the rumen microbial activity. Plant oils – primarily from cereals and oilseeds
– ﬁsh oils, and pasture feeding were used to elevate milk fat CLA concentration. For more details, readers are referred to the comprehensive review of
Stanton et al. (2003). As an example, Corl et al. (2003) have obtained a butter
containing about 16% vaccenic acid (11t-18:1) and around 4% of 9c,11t-18:2
compared with 1.3% of 11t-18:1 and 0.5% 9c,11t-18:2 in the control butter
by feeding cows with a corn-based total mix ration (control butter) while the
cows producing the high-trans milk were fed with the same ration supplemented with 2 g/100 g sunﬂower oil and 1 g/100 g ﬁsh oil.
Daily intakes of CLA isomers have been estimated in different countries,
as reported in Table 12.3, using different techniques such as utilisation of
national dietary survey data, food frequency questionnaires, dietary assessment, and 7-day dietary records. The daily intake is quite low and interestingly two studies that have compared men and women found a lower CLA
intake for women; this may result from a lower intake of meat and dairy
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Table 12.3 Estimated daily intake of CLA in
different countries (adapted from Parodi, 2003)
Country

CLA intake (mg)

Australia
Germany

500–1500
Men, 430
Women, 350
Women, 246
(323)*
(160)
Men, 3–486 (176)
Women, 1–399 (104)
Men, 0–454 (212)
Women, 0–520 (150)

Sweden
USA

* Values in parentheses represent means.

products in the latter. Daily intakes range from 0 to about 400–500 mg in
most of the countries studied, except in Australia where larger intakes (up
to 1.5 g/day) have been observed (Table 12.3).
12.2.2 Industrial sources
CLA supplements have mainly been sold as soft-gel capsules since 1995 in
the United States and, more recently, in different European countries and
Japan. Recently, Saebo (2003) reported the composition of 17 commercial
CLA capsules sampled in January-March 2002 in different countries.
Conjugated acid mixtures are usually obtained by alkali isomerisation of
linoleic acid followed by a puriﬁcation process in order to remove contaminants – such as polymers, sterols, and sometimes heavy metals – that could
arise from the isomerisation process if mineral acids are used in a stainless
steel reactor. Sunﬂower and safﬂower oils are the two types of starting
material used for the isomerisation process. Products may be classiﬁed as
four- or two-isomer mixtures. The two-isomer product is a mixture of the
9c,11t-18:2 and the 10t,12c-18:2 in about equal quantities while the fourisomer product is a mixture of 9c,11t-, 10t,12c-, 8t,10c- and 11c,13t-18:2
isomers. Furthermore, most of the products contain between 60 and 80%
CLA as free fatty acids (Table 12.4). Further work is being carried out in
order to produce triacylglycerols (Saebo, 2003).

12.3

Effect of conjugated linoleic acid on body composition

A large part of the studies so far developed has been carried out using
animal models and only a few intervention studies on humans have been
reported. Earlier studies on animals and on humans were done using a
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Table 12.4 Content of CLA (% of total fatty acids)
and 10t,12c–18:2 isomer (% of CLA) in supplements
sampled in 2002 (adapted from Saebo, 2003)
Product

Country

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Norway
Norway
Norway
Norway
Norway
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
South Africa
Norway

CLA (%)

10t,12c (%)

80.1
78.6
69.1
78.3
76.4
71.4
74.8
77.9
70.8
79.6
72.0
74.3
61.5
76.3
1.2
51.7
57.7

47.8
47.1
46.7
48.7
46.6
46.3
43.1
48.5
44.4
45.3
44.4
43.6
28.5
48.4
47.8
16.5*
29.9*

* Contains 16.1 and 16.5% of 11c,13t respectively.

50 : 50 mixture of 9c,11t- and 10t,12c-18:2 isomers (Fig. 12.3). Later studies
using single isomers enabled the determination of which isomer was the
active one and which one(s) may have some adverse effects. A recent intervention study on humans published in 2005, for the ﬁrst time compared a
butter naturally low in CLA (0.4 g CLA/100 g butter) with a butter enriched
in CLA (4.2 g CLA/100 g butter) (Desroches et al., 2005).
12.3.1 Animal studies
Many studies on different animal species such as mice, rats, and pigs
(e.g. Ostrowska et al., 1999; Park et al., 1999b; Gavino et al., 2000; Bouthegourd
et al., 2002; Evans et al., 2002; Wang and Jones, 2004), have shown that CLA
may affect body composition, mainly by a reduction of body fat and sometimes by enhancement of fat-free mass (Fig. 12.4). It was also shown by
feeding and withdrawing CLA in mice that the process is reversible, but the
body fat accumulation in mice previously fed the CLA was smaller than
that of the control and did not appear to return to control levels even after
8 weeks (Park et al., 1999a) when tissue CLA had returned to control levels.
The effect of CLA on body composition was dependent on the species and
mice seem to be the most reactive (Pariza et al., 2001). It was then demonstrated using fractions enriched with one or other isomer that body composition changes were associated with the 10t,12c-18:2 isomer (Park et al.,
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11c,13t
9c,11c
10t,12c
10c,12c

trans, trans

Commercial CLA mixture
10t,12c

9c,11t

8t,10c
11c,13t

9c,11c

10c,12c

trans, trans

CPSil88, 100 m, H2
60 °C to 170 °C at 20 °C/min

Fig. 12.3 Gas liquid chromatographic analyses of CLA isomers in milk (top) and
of a commercial CLA mixture (bottom) (P. Juaneda and J. L. Sebedio, unpublished
data, 2002).

25

% of body weight

20

*

*
15

*

*

Fat mass
Lean body mass

10
**

**

5
0
Control

9c-11t-

10t-12c-

CLA mix

Fig. 12.4 Effect of feeding pure CLA and a CLA mixture on body composition of
female mice; **signiﬁcantly different from control and from 9c,11t (adapted from
Park et al., 1999b).
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1999b). It was also found that CLA reduced fat deposition in male AKR/J
mice fed either a low-fat diet or a high-fat diet (West et al., 1998). Studies
carried out on animals, and also on cell cultures, have shown that the 10t,12c
isomer may act at different levels (Pariza et al., 2001). CLA was reported
to alter energy balance by increasing energy expenditure (West et al., 1998).
In fully differentiated 3T3-L1 adipocytes, CLA supplementation was shown
to reduce the lipoprotein lipase (LPL) activity, one of the key enzymes in
lipid metabolism (Park et al., 1997). Treatment of 3T3-L1 adipocytes with
the 10t,12c isomer also resulted in a dose-dependent decrease in the expression of the stearoyl coenzyme A (CoA) desaturase, an important enzyme
in lipogenesis (Choi et al., 2000). The 10t,12c isomer also affects preadipocyte differentiation (Kang et al., 2003), inhibits proliferation, reduces
triglyceride accumulation and induces apoptosis in 3T3-L1 pre-adipocytes
(Evans et al., 2000).There are also in vivo data to support the suggestion
that CLA supplementation reduces adipose tissues by apoptosis in mice
(Tsuboyama-Kasaoka et al., 2000). Another study on rats also suggested
that CLA reduced adipose tissue cell size rather than cell number (Azain
et al., 2000).
12.3.2 Human studies
The data obtained from the human studies so far carried out do not give a
clear picture compared with studies using the different animal models and
it is therefore difﬁcult to determine if any of the CLA isomers or a mixture
of them have an effect on body composition in humans. As shown in Table
12.5, most of the studies differed in subject gender, initial body weight
(obese and non-obese subjects), duration, the nature of the isomers, the
length of the treatment, and also the methods utilised to evaluate the effect
of the treatment. Most studies used isomers in gelatine capsules while one
study (Malpuech-Brugère et al., 2004) used synthetic triacylglycerols in a
functional food and another (Desroches et al., 2005) used a butter enriched
in CLA in comparison with a butter low in CLA.
As an example, in obese men and women (Fig. 12.5) (Blankson et al.,
2000), a decrease in fat mass was observed even at the lowest dosage (1.7 g/
day of mixed CLA), while an increase in lean body mass was only detected
at the highest CLA dosage. However it is somewhat surprising that an
intermediate amount (5.1 g/day) did not have any effect on body composition. Interestingly, in the study of Malpuech-Brugère et al. (2004) feeding
the isolated isomers at 1.5 and 3.0 g/day for 18 weeks did not result in any
changes in body composition in overweight men. In fact it is impossible to
compare these two intervention studies considering the differences in the
protocols. By looking at the results reported in Table 12.5, one may suggest
that in non-obese subjects (body mass index, BMI <25), CLA has little or
no effect on body composition, except in the study of Thom et al. (2001)
where exercise was associated with the treatment. On the contrary, feeding

Effect of feeding CLA on body composition in humans

Gender

BMI (kg/m2)

CLA (g/day)

M/F
F
M/F
M/F
M/F
M/F
M/F
M/F
F
M/F

>30
<25
>25 and <35
30
<25
<25
<30
>30
25
<30
28

M

<30

M

>30

M

>30

M/F
MF

<30
30

2.8
3.9
1.7–6.8
3.4
4.2
1.8
0.7–1.4
4.2
6 + training
2.1
Weight loss then
1.8–3.6
1.5–3
9c11t/10t,12c
3
9c,11t
0.6–2.4
9c,11t/10t,12c
3.6
3.4

M

31

Effects

References

24
9
12
12
12
12
4+4
4
4
6
3
13
18

Exercise effect
No
↓Fat mass
No
↓3.8% fat mass
↓4% fat mass
↓Fat mass
↓Abdominal diameter
No
No
No effect of CLA on body
weight regain
No

Atkinson, 1999
Zambell et al., 2000
Blankson et al., 2000
Berven et al., 2000
Smedman and Vessby, 2001
Thom et al., 2001
Mougios et al., 2001
Riserus et al., 2001
Kreider et al., 2002
Petridou et al., 2003
Kamphuis et al., 2003

12

No

Riserus et al., 2004a

13

No

Tricon et al., 2004

↓5% fat mass
No effect after ﬁrst 52
weeks on CLA
No

Gaullier et al., 2004
Gaullier et al., 2005

52
(52) + 52
extension study
4 (cross-over)

Malpuech-Brugère et al., 2004

Desroches et al., 2005
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BMI, body mass index.

Butter enriched in
CLA vs butter
low in CLA

Duration (weeks)
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Body fat mass
Lean body mass

Change (kg) week 0–week 12

2

1

*

0

–1
*
–2
Placebo 1.7 g
CLA

*
*
3.4 g
CLA

5.1 g
CLA

6.8 g
CLA

Fig. 12.5 Effect of feeding CLA on body composition of humans; *different from
placebo (adapted from Blankson et al. (2000)).

obese men with CLA most often resulted in a loss of fat mass but the effects
were small if we consider the amount of isomers fed to the subjects (up to
6–7 g/day).
Only the studies of Gaullier et al. (2004, 2005) examined the long-term
effects of feeding 3.4 g/day of a mixture of CLAs for two consecutive periods
of 52 weeks. During the ﬁrst period of 52 weeks CLA fed as free fatty acid
or as triacylglycerol (CLA-TG) reduced the fat mass as well as body weight
and BMI in both CLA groups, but only the CLA-TG group was different
from the placebo for body weight and BMI. The same participants were
included in an extension trial for another 52 weeks in order to evaluate the
safety of using a CLA supplement for a long period. Feeding 3.4 g of CLA
per day to volunteers who had already had the treatment for 52 weeks did
not lead to further decrease in either fat mass or body weight. However,
body weight and fat mass decreased in the subjects administered the placebo
during the initial period.

12.4

Safety issues

12.4.1 In animals
The ﬁrst adverse effects of feeding CLA, and especially the 10t,12c-18:2
isomers, were reported for animals and described for mice by TsuboyamaKasaoka et al. (2000). In C57BL/6J mice, supplementation with a 1% equimolar mixture of the 9c,11t and 10t,12c isomers reduced fat mass but the
liver was massively enlarged. Histological analysis revealed a macrovesicular steatosis. Further studies (Clement et al., 2002) showed that mice fed
with 10t,12c-enriched CLA developed lipoatrophy, hyperinsulinaemia and
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fatty liver while the 9c,11t isomer had little or no effect (Clement et al.,
2002; Degrace et al., 2003). While adipose tissue mass was shown to decrease
after feeding CLA for 6 days, plasma levels of leptin and adiponectin
decreased after 2 days of feeding, and hyperinsulinaemia developed on day
6 (Poirier et al., 2005). CLA was shown to alter the capacity of pancreatic
islets to secrete insulin and the increase in insulin secretion was correlated
to an increase in beta cell mass and number, leading to liver steatosis
(Poirier et al., 2005). Degrace et al. (2003) demonstrated using C57BL/6J
mice that the steatosis was not due to an alteration of the liver lipoprotein
production. A three-fold decrease in plasma triacylglycerol and induction
of mRNA expression of low-density lipoprotein receptors suggest an
increase in the lipoprotein clearance at the level of liver. Further work also
indicated that the steatosis was not due to impaired fatty acid oxidation as
in fact in the liver, fatty acid oxidation capacities were increased when mice
were fed the 10t,12c isomer, which increased both liver carnitine palmitoyltransferase I and acyl-CoA oxidase gene expression for example (Degrace
et al., 2004).
12.4.2 In humans
Earlier human studies carried out by Berven et al. (2000) on overweight
and obese subjects, using gel capsules, only reported small adverse events
as a result of feeding CLA isomers for 12 weeks. In this study, blood lipids,
haematological parameters, blood electrolytes, and liver safety parameters
did not change signiﬁcantly within the groups during the study. However,
three subjects in each treatment reported adverse events such as diarrhoea
or gastritis heartburn. No adverse events were also reported in the study of
Malpuech-Brugère et al. (2004) when feeding pure isomers of CLA in a
food matrix. In the study of Gaullier et al. (2005), who fed CLA isomers as
free fatty acids (CLA-FFA) or triacylglycerols (CLA-TG) to healthy overweight subjects for 1 year, followed by a dose of 3.4 g CLA/day as TG for
1 year, similar adverse events such as gastrointestinal pains were reported.
However, serum high-density lipoprotein (HDL) cholesterol decreased in
the group previously fed CLA-TG. Serum lipoprotein a, Lp(a) also tended
to increase in both CLA groups after 24 months. In addition to Lp(a) an
increase in the leukocyte and thrombocyte counts was also observed; the
authors indicated that these changes were within the normal ranges but
may indicate the presence of an inﬂammatory or immunological response
to CLA supplementation. Serum insulin level increased in the CLA-TG
group while no modiﬁcations were found in the CLA-FFA group.
In a study on subjects with type 2 diabetes, Moloney et al. (2004) showed
that a supplementation of 3.0 g/day of CLA for 8 weeks resulted in an
increase in fasting glucose concentration and reduction of insulin sensitivity.
CLA also reduced ﬁbrinogen concentrations but had no effect on C-reactive protein and interleukin-6. In another study (Belury et al., 2003), also
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with subjects having type 2 diabetes, the quantity of 10t,12c isomer in
plasma was inversely correlated with changes in body weight and in serum
leptin. Unfortunately no information was available on body composition
and insulin sensitivity. Concerns were raised by the ﬁndings of the group of
Smedman, who carried out studies on a high-risk group of abdominally
obese men. None of the studies carried out by this group showed any effects
of CLA on body weight or BMI even if CLA resulted in a slight decrease
in body fat, particularly of abdominal fat in obese men. On the contrary,
CLA isomer induced lipid peroxidation, as reported in Fig. 12.6.
Administration of a CLA mixture to obese men at 4.2 g/day for 1 month
resulted in an increase of both 8-isoprostaglandin F2α (PGF2α) and of 15-oxo
dihydro-PGF2α as indicators of non-enzymic and enzymatic arachidonic
acid oxidation, respectively, (Basu et al., 2000) as compared with the control
group. However, these peroxidation parameters went back to their original
values 2 weeks after cessation of the treatment (Fig. 12.6). In another
feeding trial on 60 men with metabolic syndrome, the same team observed
the same effect on lipid peroxidation parameters when pure 10t, 12c-18:2
was administered (Fig. 12.7) indicating that the effect observed during the
ﬁrst study could be due to the 10t,12c isomer (Riserus et al., 2002b).
Furthermore, feeding this pure isomer also resulted in an increase of Creactive protein by 110% compared with placebo. The increase in 8-isoPGF2α was also independently related to insulin resistance and oxidative
stress seems closely related to insulin resistance. The 10t,12c-18:2 isomer
was also found to induce hyperproinsulinaemia which as reported by the

8-iso-PGF2α

Creatinine (nmol/mmol)

1.2
1.0
0.8
15-oxodihydro-PGF2α

0.6
0.4

Control
0.2

CLA

4 weeks later

2 weeks later

After

Before

2 weeks later

4 weeks later

After

Before

0.0

Fig. 12.6 Effect of feeding and of withdrawing CLA to humans on the excretion
of 8-isoprostaglandin F2α (PGF2α) and of 15-oxodihydro-PGF2α in urine.
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Fig. 12.7 Effect of feeding pure 10t,12c and a CLA mixture on plasma C-reactive
protein (CRP) and on the excretion of 8-iso-PGF2α and of 15-oxodihydro-PGF2α
in urine.

authors may predict diabetes and cardiovascular disease (Riserus et al.,
2004b). Interestingly, a similar effect of an enriched 9c,11t fraction (increased
insulin resistance, lipid peroxidation compared with placebo) was observed
without affecting serum lipids or glucose concentration (Riserus et al.,
2004b) while 10t,12c was shown to increase glycaemia and decrease HDL
cholesterol (Riserus et al., 2002a). The authors, however, think that further
work with a larger group is needed before any conclusions about the effect
of the 9c,11t isomer in obese men can be drawn. In contrast, a study carried
out on healthy subjects (Noone et al., 2002) indicated that a mixture of CLA
improved plasma triacyglycerol concentrations with no adverse effects on
insulin and glucose metabolism.

12.5

Conclusions: conjugated linoleic acid and
functional foods

If we consider what has been published on the effects of CLA in animals
and humans, the consumption of food containing CLA does not seem to
provide enough active component to exert any beneﬁcial activity. As demonstrated for mammary cancer and for atherosclerosis (Sebedio et al., 2003)
the active component is the 9c,11t-18:2, and increasing the daily consumption of CLA up to 3 g/day would hardly be possible either by increasing the
amount of products containing CLA or/and by enriching products from
ruminant origin for example. As previously underlined, a lot of consideration has been given to the second solution and strategies have been
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proposed not only to enrich milk and meat from ruminants but also pig and
chicken tissues. However, methods of enrichment practised for ruminants
are different from those used in the latter case. While the fatty acid precursors of CLA are fed to ruminants, ClA mixtures containing both the 9c,11tand the 10t,12c-18:2 isomers are usually given to pigs and chickens (Watkins
and Li, 2003). This latter practice would result in introducing the 10t,12c
isomer in the food chain, which may not be a good idea considering the
adverse effects observed in some cases with the 10t,12c isomer, as discussed
previously.

12.6
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Omega-3 fatty acids and other
polyunsaturated fatty acids and
weight control
M. Sörhede Winzell and B. Ahrén, Lund University, Sweden

13.1

Introduction

Over the past decades, clinical investigations have evaluated the effects of
polyunsaturated fatty acids (PUFAs), with particular interest in the omega3 (or n-3) PUFAs, and their potential role in preventing metabolic diseases
(Simopoulos, 1999, Manco et al., 2004, Riccardi et al., 2004, Nettleton and
Katz, 2005). Over the past century, there has been a shift in the type of fat
being consumed and today diets contain large amounts of saturated fat,
high levels of omega-6 (or n-6) PUFAs and trans-fatty acids. The ratio
between omega-6 and omega-3 PUFAs has increased tremendously due to
decreased ﬁsh consumption in combination with increased intake of omega6 PUFAs, owing mainly to the use of vegetable oils in cooking.
High intake of dietary fats, in particular saturated fats, may lead to the
development of obesity, insulin resistance and type 2 diabetes (Arner et al.,
1991; Taniguchi et al., 1992; Shulman, 2000; Zraika et al., 2002). This seems
to be closely connected to the accumulation of triglycerides in nonadipocytes – including hepatocytes, myocytes and pancreatic β-cells – a
phenomenon that has been called lipotoxicity (Zhou et al., 2000; Unger,
2003). Lipotoxicity is associated with increased endogenous glucose production from the liver, impaired insulin-stimulated glucose uptake in skeletal muscle and blunted glucose-stimulated insulin secretion from pancreatic
β-cells (Unger and Orci, 2000, Unger and Zhou, 2001). The PUFAs may,
however, exert different effects on metabolism, for example: (1) regulating
fuel partitioning within the cell by stimulating β-oxidation and inhibiting
lipogenesis; (2) altering membrane stability and ﬂuidity and thereby affecting insulin signalling; (3) regulating gene transcription mainly via fatty acid
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regulated transcription factors such as the peroxisomal proliferatoractivated receptors (PPARs) and the sterol regulatory element binding
protein-1 (SREBP-1) (Clarke and Jump, 1994; Krey et al., 1997; Nakatani
et al., 2003; Sampath and Ntambi, 2004). PUFAs may therefore have the
capacity to prevent or counteract the detrimental effects of high-fat diets
on body weight and whole-body metabolism.
It is important to determine optimal doses of PUFAs for prevention and
treatment of metabolic diseases including overweight and obesity. This
chapter will focus on the effect of various PUFAs, in particular the omega-3
PUFAs, on the control of body weight and whether dietary supplementation with these fatty acids may improve insulin resistance and type 2
diabetes.

13.2

Determining the role of omega-3 fatty acids and other
polyunsaturated fatty acids in weight control

The positive effects of omega-3 PUFAs were observed early on among
Greenland Inuits, who, despite high fat intake, displayed low mortality from
coronary heart disease (Dyerberg et al., 1975). Other epidemiological
studies have reported lower prevalence of obesity, type 2 diabetes and cardiovascular diseases in populations consuming large amounts of omega-3
PUFAs from fatty ﬁsh (Mouratoff et al., 1969; Kromann and Green, 1980).
Subsequent studies have demonstrated that dietary supplementation of
omega-3 PUFAs exerts positive effects in several metabolic diseases including coronary heart disease, hypertension, arteriosclerosis, diabetes and
inﬂammatory diseases (Terry et al., 2003; Din et al., 2004; Calder, 2004;
Ruxton et al., 2004).

13.2.1 Deﬁnition, structure and metabolism
The PUFAs are fatty acids containing two or more double bonds. These
fatty acids are essential since they cannot be produced in the human body
and must therefore be provided in the diet. There are two main types of
PUFA, the omega-3 and the omega-6 fatty acids. In the omega-3 PUFAs,
the ﬁrst double bond is located between the third and the fourth carbons,
counting from the methyl end of the carbon chain; in the omega-6 PUFA
the double bond is located between the sixth and the seventh carbons
(Fig. 13.1).
Animals cannot, in general, produce omega-3 or omega-6 fatty acids
since they lack the enzymes needed for insertion of the double bonds,
whereas in plants these fatty acids are produced via ∆12- and ∆15desaturase activity. The simplest members of the omega-6 and omega-3 fatty
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A
Linoleic acid (18:2n-6 )
CH3
COOH
Arachidonic acid (20:4n-6 )
CH3
COOH
B
α-Linolenic acid (18:3n-3 )

CH3

COOH

Eicosapentaenoic acid (EPA) (20:5n-3 )

CH3

COOH

Docosahexaenoic acid (DHA) (22:6n-3 )
COOH
CH3

Fig. 13.1 Schematic structures of common (A) omega-6 and (B) omega-3
PUFAs.

acids are linoleic acid (18:2n-6) and α-linolenic acid (18:3n-3), respectively
(Fig. 13.1). Although mammalian cells do not synthesise linoleic acid and
α-linolenic acid, these fatty acids are metabolised by desaturation and
elongation reactions (Fig. 13.2). Linoleic acid is converted into γ-linolenic
acid (18:3n-6), which in turn can be elongated to produce arachidonic
acid (20:4n-6) (Fig. 13.2). The same group of enzymes have the ability to
metabolise α-linolenic acid and convert it into eicosapentaenoic acid
(EPA; 20:5n-3). There is thus a competition between the omega-6 and the
omega-3 fatty acids in the enzymatic reactions and also for their metabolisation. The ∆6-desaturase reaction is the rate-limiting step, and this enzyme
has α-linolenic acid as its preferred substrate. In the next reaction step,
EPA can be further converted through elongation to docosahexaenoic acid
(DHA; 22:6n-3) (Fig. 13.2). These long-chain, more unsaturated forms of
linoleic acid and α-linolenic acid are in turn substrates for the production
of important biological molecules, which will be discussed later in this
chapter.
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Linoleic acid (18:2n-6 )

α-Linolenic acid (18:3n-3 )
∆6-Desaturase

Stearidonic acid (18:4n-3 )

γ-Linolenic acid (18:3n-6 )

Elongase
Dihomo-γ-linolenic acid (20:3n-6 )
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3
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Fig. 13.2

Metabolic pathways for conversion of linoleic acid and α-linolenic acid
into longer derivatives in mammalian cells.

13.2.2 Dietary sources
The different forms of the PUFAs are found in different food sources
(Table 13.1). Plant seed oils like corn oil, sunﬂower oil and safﬂower oil are
rich in omega-6 PUFAs, constituting up to 75% of the fatty acid content.
Most plant oils are richer in omega-6 PUFAs than in omega-3 PUFAs
(Table 13.2). Sunﬂower and safﬂower oil exist in two different forms, one
rich in monounsaturated fat and one rich in PUFAs. Linoleic sunﬂower oil
is available as liquid oil and it is also used in margarine. Because of the high
levels of PUFAs in these oils, they are susceptible to oxidation during commercial usage, especially frying, and so they are hydrogenated to a more
stable form. Thus, important dietary sources of omega-6 PUFAs are the
vegetable oils and margarines. Green plant tissues are rich in α-linolenic
acid (18:3n-3), constituting more than 50% of the fatty acids. This is, however,
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Food sources of different omega-3 and omega-6 PUFAs

Type of PUFA

Structure

Source

Omega-3

α-Linolenic acid
EPA
DHA
Linoleic acid
γ-Linolenic acid

Walnuts, ﬂaxseed oil, canola oil
Fatty ﬁsh, ﬁsh oil
Fatty ﬁsh, ﬁsh oil
Corn, safﬂower, soybean and sunﬂower oil
Seed oils of borage, blackcurrant and
evening primrose
Meat, eggs

Omega-6

Arachidonic acid

Table 13.2

PUFA content in vegetable oils

Vegetable oil

PUFA content
(% by weight)

18 : 2
Linoleic acid (n-6)

18 : 3
γ-Linoleic acid (n-6)
α-Linolenic acid (n-3)

Canola oil
Corn oil
Flaxseed oil
Safﬂower oil
Soybean oil
Sunﬂower oil

29.6
54.7
66
74.6
57.9
65.7

20.3
53.5
12.7
74.6
51.1
65.7

9.3
1.2
53.3
0
6.8
0

not a signiﬁcant source of omega-3 PUFAs since the total fat content is very
low (Table 13.3). α-Linolenic acid is abundant in plant oils derived from
ﬂaxseed, soybean and rapeseed (Table 13.2). The longer forms of omega-3
PUFAs are more readily found in fatty ﬁsh like salmon, herring and mackerel, but also are also found in lean ﬁsh liver – which contains large amounts
of EPA and DHA (Table 13.3). Nuts contain considerable amounts of
omega-3 PUFAs and walnuts, in particular, are rich in α-linolenic acid
(Feldman, 2002).
The composition of dietary fatty acids has changed over the last 100 years
(Simopoulos, 1995). The total intake of fat and the amount of saturated fats
have increased as well as the omega-6 PUFAs, while the intake of omega-3
PUFAs has decreased. Studies in Palaeolithic nutrition suggest that the
hunter–gatherer populations consumed equal amounts of omega-6 and
omega-3 PUFAs (Eaton et al., 1998). Today the ratio between these fatty
acids is 10–20:1 in the Western diet (Simopoulos, 1999). The reason for the
decreased intake of omega-3 PUFAs is mainly a reduced intake of ﬁsh. In
fact, modern agriculture results in decreased omega-3 PUFA content in
many foods – including vegetables, meats, eggs and even in cultured ﬁsh –
due to the industrial production of animal feed with high contents of omega6-rich grains (Crawford, 1968, Simopoulos, 1999). The increased amount of
omega-6 compared with omega-3 PUFAs in standard diets may have
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Table 13.3

Food sources of omega-3 fatty acids

Source
Seafood
Mackerel
Herring
Salmon, tuna, trout
Halibut
Shrimp, cod
Plaice, ﬂounder, haddock
Nuts and seeds
Almonds
Flaxseed
Peanuts
Walnuts, black
Walnuts, English
Vegetables
Broccoli (raw)
Kale (raw)
Lettuce
Radish seeds
Seaweed, Spirulina (dried)
Soybeans, green (raw)
Soybeans, mature seeds
sprouted
Spinach (raw)

Omega-3 fatty acid
(% by weight)
1.8–5.3
1.2–3.1
0.5–1.6
0.4–0.9
0.2–0.5
0.2
0.4
22.8
0.003
3.3
6.8
0.1
0.2
0.1
0.7
0.8
3.2
2.1
0.1

profound effects on human health since studies have indicated that omega-6
PUFAs may shift the physiological status into a prothrombotic, proaggregatory status with increased vasoconstriction and decreased bleeding
time (Calder, 2005). The omega-3 PUFAs on the other hand seem antiinﬂammatory, antithrombotic and hypolipidaemic, and may thus have
beneﬁcial effects in the prevention and/or treatment of several metabolic
diseases (Calder, 2005).
The dietary PUFA intake is rather similar throughout Western societies.
In Sweden and Finland the PUFAs represent around 5% of the total energy
consumption (Becker, 1999, Valsta, 1999) and in the United States the
intake averages 7%. The omega-3 PUFAs represent ∼0.7% of the energy
intake, mainly deriving from intake of vegetable oils. The ratio of omega-6
and omega-3 fatty acids is thus approximately 10 : 1 (Kris-Etherton et al.,
2000). The dietary sources of PUFAs are mainly vegetable oils and linoleic
acid is the major form, constituting 84–89%, while around 10% are represented by α-linolenic acid. The intake of highly unsaturated PUFAs, like
the EPA and DHA found in fatty ﬁsh, is low, being 0.1–0.65 g/day in the
United States. In the United Kingdom the pattern is similar with increasing
consumption of linoleic acid (omega-6) and an estimated omega-3 intake
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of 0.1–0.5 g/day (Sanders, 2000). However, in Malaysian adults the eating
pattern is different. The total fat intake range is 22–26%, while in Western
countries it is 35–40%, and the PUFAs constitute only around 4% of the
fats. The PUFAs consumed are mainly omega-6 linoleic acid and the omega6 : omega-3 ratio is approximately 10, similar to that in Europe and the
United States (Tkw, 1997).
13.2.3 Food intake and body weight control
High-fat food intake is considered to be one of the major causes of the
development of obesity and obesity-associated insulin resistance (Astrup,
2001; Riccardi et al., 2004). Laboratory animal studies and epidemiological
studies in humans have demonstrated that consumption of high-fat dense
diets, a typically Western diet, results in insulin resistance and obesity
(Storlien et al., 2000; Astrup, 2001; Winzell and Ahren, 2004). There are
however, studies indicating that different types of fat have different effects
on whole-body energy metabolism and glucose homeostasis, and inclusion
of dietary oils containing PUFAs have been proposed to exert positive
effects both in patients and in animal models of type 2 diabetes (Malasanos
and Stacpoole, 1991; Storlien et al., 1991). There are studies demonstrating
that PUFAs, in particular the omega-3 PUFAs (EPA and DHA), are less
effective in promoting obesity compared with saturated fats (Shillabeer and
Lau, 1994; Azain, 2004). The mechanisms behind these observations probably involve modulation of fuel partitioning since PUFAs down-regulate
lipogenesis and stimulate fat oxidation, because these fatty acids regulate
the expression of several genes involved in lipid metabolism (Clarke, 2004;
Sampath and Ntambi, 2004). Reduction in body fat content has been
observed in rodents fed a diet containing ﬁsh oil (Ruzickova et al., 2004;
Ikemoto et al., 1996), demonstrating that omega-3 PUFAs decreased
the visceral fat by inhibiting both hypertrophy and hyperplasia of the
fat cells.
In contrast, the effect of omega-3 PUFA on human body weight control
is rather limited. However, in a recent study, overweight men and women
were assigned to a daily ﬁsh meal, a weight-loss programme or the two in
combination for 16 weeks and the effects on body weight and the plasma
glucose and lipid proﬁle were investigated (Mori et al., 1999). The ﬁsh meal
did not in itself reduce the body weight of these obese subjects, but the
dietary ﬁsh component signiﬁcantly improved the outcome of the weightloss programme in that body weight was reduced in combination with
improved glucose and insulin levels as well as the serum lipid proﬁle. In
another study, 17 subjects (healthy, obese and type 2 diabetic) entered a
5-week diet programme with diets rich in either saturated fats or
PUFAs (Summers et al., 2002). Both energy and fat intake appeared to be
reduced in the subjects on the PUFA-rich diets, although body weight
was not altered. The abdominal subcutaneous fat area was reduced in the
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group consuming the PUFA-rich diet, and this coincided with improved
insulin sensitivity. The results indicate that PUFAs are effective in
altering body fat content, which may have beneﬁcial effects on energy
metabolism.
13.2.4

Clinical studies on the effect of polyunsaturated fatty acids on
glucose control and dyslipidaemia
The effect of omega-3 fatty acids on glycaemic control in humans is controversial. Several studies and reviews have indicated that omega-3 PUFAs
have adverse effects in that these fatty acids induce elevated basal plasma
glucose, and this was particularly pronounced in patients with type 2 diabetes consuming large amounts of ﬁsh oil (>10 g ﬁsh oil/day) (Borkman
et al., 1989; Friday et al., 1989; Vessby, 1989). However, in other studies with
lower doses of omega-3 PUFAs, ranging from 1–2 g/day, glucose homeostasis was maintained within normal ranges (Westerveld et al., 1993; Luo et al.,
1998; Sirtori et al., 1998). Luo et al. (1998) demonstrated that a moderate
intake of omega-3 PUFAs (1.8 g/day) in type 2 diabetic men resulted in a
signiﬁcant reduction in plasma triglyceride levels. There were, however, no
effects on fasting glycaemia or HbA1c. During the 2-month study,
body weight and energy intake remained stable. In addition, in other
studies, which included patients with hypertension and dyslipidaemia, no
adverse effects on plasma glucose levels were observed (Grundt
et al., 1995; Toft et al., 1995). In both human and animal studies, dietary
omega-3 PUFA supplementation was found to result in reduced circulating
triglyceride levels, which may be one explanation for the improved insulin
sensitivity observed after ﬁsh-oil feeding (Mori et al., 1999; Sirtori et al.,
1998). The triglyceride-lowering effect is the most consistent and reproducible ﬁnding in both animal and human studies with omega-3 PUFAs and
ﬁsh oil. Two meta-analyses of trials with omega-3 PUFAs or ﬁsh oil in
patients with type 1 and type 2 diabetics, as well as in healthy controls,
demonstrated that dietary ﬁsh oils have no statistically signiﬁcant effect on
glycaemic control but the supplementation efﬁciently reduced plasma triglyceride levels (Friedberg et al., 1998; Montori et al., 2000). There is thus
strong evidence suggesting no adverse effects of ﬁsh oil or omega-3 PUFAs
on glycaemia, and beneﬁcial effects on plasma lipids, when consumed in
moderate doses (1–3 g/day).
Animal studies have demonstrated that various dietary fat subtypes can
modulate insulin action indicating that PUFAs have positive effects on
insulin sensitivity (Storlien et al., 1991, 2000). One study, where rats were
fed isocaloric high-fat diets with different types of fatty acids, demonstrated
that diets rich in saturated fat resulted in insulin resistance while rats fed a
high level of PUFAs with a low omega-6 : omega-3 ratio had normal insulin
action (Storlien et al., 1991). It is thus possible that saturated fatty acids
affect the cellular membranes in a negative way resulting in impaired insulin
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action and that this can be prevented by the addition of unsaturated fatty
acids to the diet (Ma et al., 2004). PUFAs may thus, at least in animal models,
affect glycaemic control by improving insulin sensitivity.

13.3

Effects of omega-3 fatty acids and other
polyunsaturated fatty acids on energy metabolism and
other factors connected to weight control

The mechanism behind the beneﬁts of omega-3 PUFAs on energy metabolism is at present not completely understood. There are, however, many
possibilities since these fatty acids have many different roles in a cell. For
example, apart from being an energy source, fatty acids build up the cellular
membranes, regulate gene expression and function as signalling molecules
and as precursors for complex biologically active molecules such as, for
example, eicosanoids (Simopoulos, 1999, Ruxton et al., 2004). Since omega-3
PUFAs exert positive effects in many different diseases there have been
implications for a common pathway for the effects. One mechanism that
has been presented is the ability of omega-3 PUFAs to affect the biochemical composition of biological membranes (Ma et al., 2004). Indeed, the cellular fatty acids composition is a mirror of the ingested types of fatty acids.
Incorporation of PUFAs into lipid membranes results in altered interaction
between the lipids and the membrane proteins (Ma et al., 2004). There are,
however, other possibilities that need to be considered – including the
digestion and absorption of the fatty acids.
13.3.1 Digestion and absorption of fatty acids
The length and the degree of saturation of fatty acids inﬂuence the biophysical properties of the lipids. This has, for example, effects on the digestion and absorption of the fatty acids from the intestine (Small, 1991).
Different sources of fat are composed of different types of triglycerides.
Triglycerides are digested in the intestinal lumen by lipases to produce fatty
acids and monoacylglycerol and the absorption of fatty acids from the
intestinal lumen is generally an efﬁcient process. After absorption, the fatty
acids are taken up by the enterocytes where the triglycerides are reconstructed, packed in chylomicrons and very-low-density lipoproteins
(VLDLs) and secreted into the lymph. From the lymph, the triglycerides
are transported to various capillary beds where they bind to the capillary
surface. Here, they are hydrolysed by lipoprotein lipase and the surrounding
adipocytes or muscle cells take up the free fatty acids. However, the triglycerides containing long-chain PUFAs like arachidonic acid or EPA are poor
substrates for lipoprotein lipase. Instead, they appear to be good substrates
for hepatic lipase, and thus acylglycerols containing long-chain PUFAs are
returned and metabolised by the liver. To be able to study the uptake and
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the destiny of the PUFAs, rats were fed puriﬁed triglycerides containing
oleic acid and long-chain PUFAs (Fahey et al., 1985). The results showed
that the uptake of the PUFAs was signiﬁcantly slower than the uptake
of saturated or monounsaturated fatty acids. This demonstrates that the
PUFAs are absorbed and metabolised at a lower rate, which may inﬂuence
both appetite and satiety, two factors that are of great importance in weight
control.
13.3.2 Effect on ectopic lipid accumulation
Studies in cell culture systems have demonstrated that fatty acids have
effects on adipocyte proliferation and differentiation (Azain, 2004). Feeding
rats a high-fat diet rich in PUFAs demonstrated no difference in preadipocyte replication compared with rats fed a normal diet, while a diet rich
in saturated fats accelerated the replication (Shillabeer and Lau, 1994).
Furthermore, the size of the adipose tissue was reduced in PUFA-fed rats
compared with rats fed saturated fat and this was due to less efﬁcient
storage of triglycerides (Shillabeer and Lau, 1994). Thus, the diet containing
saturated fat induced expansion of the adipose tissue more efﬁciently than
the diet containing PUFAs; possible mechanisms for these effects are that
PUFAs do not induce pre-adipocyte replication to the same extent and are
less efﬁciently incorporated in triglycerides.
Feeding a diet rich in saturated fats results in accumulation of triglycerides, not only in adipose tissue but also in non-adipocytes and this phenomenon, called lipotoxicity, has been found to correlate to the onset of insulin
resistance (Unger, 1995; Boden and Shulman, 2002). There are, however,
studies indicating that diets enriched with PUFAs improve insulin sensitivity in both rodents and humans (Storlien et al., 1991; 2000, Summers et al.,
2002). One possible mechanism of action is that PUFAs prevent the
accumulation of lipids in non-adipocytes. In rodents, ﬁsh oil prevented
lipid accumulation in adipose tissue more efﬁciently compared with
other dietary oils, and it was suggested that omega-3 PUFAs increase
fatty acid oxidation and inhibit triglyceride synthesis through affecting
expression of speciﬁc genes involved in these metabolic pathways (Jump
et al., 1994).
13.3.3 Regulation of gene expression by polyunsaturated fatty acid
Fatty acids are converted to fatty acyl coenzyme A (CoA) rapidly after
entering a cell. The fatty acid derivatives are then shunted into different cellular pathways such as oxidation for production of energy, membrane synthesis, elongation and/or desaturation, or production of signalling molecules.
PUFAs have an important function in regulating gene expression. Several
transcription factors such as PPARs, SREBPs, hepatocyte nuclear factor-4α
(HNF-4α) and liver X receptors (LXRa) have PUFAs as ligands (Krey et al.,
1997; Worgall et al., 1998). The fatty acids bind to PPARs resulting in altered

Omega-3 fatty acids and other polyunsaturated fatty acids

291

expression of genes involved in fatty acid degradation and oxidation, which
in turn leads to reduced intracellular accumulation of triglycerides.
Transcription of genes encoding lipogenic enzymes such as fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), and stearoyl-CoA desaturase
(SCD) is down-regulated, while transcription of enzymes involved in fatty
acid oxidation such as acyl-CoA oxidase (ACO), medium-chain acyl-CoA
dehydrogenase (MCAD), carnitine palmitoyl transferase 1 (CPT-1), acylCoA synthase (ACS) and uncoupling protein 2 (UCP-2) is up-regulated
(Krey et al., 1997; Nakatani et al., 2003; Levy et al., 2004; Ide, 2005). This leads
to pleiotrophic and complex actions of PUFAs involving a large variety of
intracellular regulatory pathways. SREBP-1 is another transcription factor
that regulates fatty acid metabolism in the liver in that its activation results
in increased transcription of genes involved in lipogenesis (Horton et al.,
2002). Recent data have shown that rats fed a diet enriched with ﬁsh oil had
reduced effect and expression of SREBPs in the liver (Xu et al., 2001;
Nakatani et al., 2003). The overall effect of PUFAs on gene expression
results in accelerated oxidation of fat and reduced lipogenesis.
13.3.4

The mechanism of polyunsaturated fatty acid in insulin resistance
and type 2 diabetes
The molecular effects of PUFAs are such that these fatty acids may have
an impact on the regulation of insulin sensitivity (Lombardo and Chicco,
2006). There are indeed indications that omega-3 PUFAs may have positive
effects on glucose tolerance by reducing insulin resistance, as demonstrated
in rodent models of obesity (Storlien et al., 2000). Rats fed a high-fat diet
supplemented with a low ratio of omega-6 : omega-3 PUFA maintained
normal insulin action, while rats fed a diet containing high levels of saturated and monounsaturated fats showed insulin resistance in several tissues
(Storlien et al., 1991). Feeding ﬁsh oil to mice, providing 5–10% of the daily
energy intake, accelerated glucose uptake and maintained glucose homeostasis during high-fat feeding (Storlien et al., 1997). The favourable effects
of ﬁsh oil-derived PUFAs may be explained by suppression of hepatic fatty
acids synthesis and increased fat oxidation. Another mechanism behind the
positive effects of PUFAs on insulin sensitivity may occur through alteration in the plasma membrane composition of the cells. There is some evidence indicating that altered membrane structure may affect both insulin
action and insulin binding to its receptor (Storlien et al., 1996). Another
possible mechanism behind the effects of PUFAs in metabolism can be
attributed to changes in protein acylation. Many membrane proteins are
modiﬁed by fatty acid acylation with saturated fatty acids like palmitate or
myristate. Whether this has any signiﬁcant effects in insulin signalling, or
whether PUFAs play a role, is unknown at the present time. In summary,
the metabolic effects of omega-3 PUFAs promote the reduction of triglyceride in skeletal muscle and liver, which in turn is associated with improved
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insulin action and glucose tolerance thereby preventing development of
insulin resistance.
13.3.5 Islet metabolism, insulin secretion and polyunsaturated fatty acid
Besides insulin resistance defective islet function is also of importance for
the development of glucose intolerance and type 2 diabetes. In fact, a
normal islet function with a normal compensation in insulin secretion is a
prerequisite for maintaining normal glucose homeostasis in insulin resistance (Ahren and Pacini, 2005). Therefore, to improve glucose homeostasis,
effects on islet function are required. Fatty acids are known to acutely
stimulate insulin secretion via several possible pathways. First, it is believed
that fatty acids are taken up into the β-cell, where they are converted to
long-chain acyl-CoA (LC-CoA). Through glucose metabolism the uptake
and oxidation of the fatty acids are blocked through the effect of malonylCoA, which accumulates in the cytosol when β-cells are exposed to high
glucose concentrations (Corkey et al., 1989, Prentki et al., 1992). MalonylCoA is an effective inhibitor of CPT-1, inhibiting the transport of fatty
acyl-CoA into the mitochondria, resulting in increased accumulation of
LC-CoA in the cytosol. LC-CoA has been found to exert effects at several
levels in the β-cell to promote second-phase insulin secretion: through
binding to the KATP channels, affecting the exocytosis of insulin granulae,
activation of protein kinases via acylation mechanism and thereby promoting insulin secretion (Corkey et al., 2000, Deeney et al., 2000, Yaney et al.,
2000). Although this seems to be a common pathway for most of the fatty
acids, saturated fats are more potent in stimulating glucose-induced insulin
secretion than unsaturated ones, as was recently observed in isolated human
islets (Gravena et al., 2002).
Another pathway for the fatty acids to stimulate insulin secretion is
through the fatty acid binding protein GPR40 (Itoh et al., 2003; Salehi et al.,
2005; Shapiro et al., 2005). This is a G-protein-coupled receptor that has
fatty acids as substrate. Both saturated (C12–C16) and unsaturated (C18–
C22) fatty acids have the potency to induce increased intracellular Ca2+ in
Chinese hamster ovary (CHO) cells transfected with the GPR40 receptor
(Itoh et al., 2003; Itoh and Hinuma, 2005). A third indirect pathway for fatty
acids to stimulate insulin secretion is through phospholipase A2 (PLA2),
which is activated during glucose stimulation (Simonsson and Ahren, 2000).
PLA2 stimulates the formation of arachidonic acid and inhibition of
PLA2 results in blunted arachidonic acid formation, which was accompanied by reduced glucose-stimulated insulin secretion. Fish oil has been
found to induce insulin secretion through incorporation of the omega-3
PUFAs in the plasma membrane to compete with the production of
arachidonic acid.
In a recent study, inclusion of 7% omega-3 PUFAs in a high-fat diet fed
to rats resulted in lower glucose-stimulated insulin secretion from isolated
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islets, possibly through direct effects of the fatty acids on the islets, blocking
the hyper-secretion induced by saturated fatty acids (Holness et al., 2003).
In addition, in vivo, PUFA supplementation in rats fed a high-fat diet
resulted in reversed insulin hyper-secretion, suggesting that PUFAs may
have acute effects on islets resulting in reduced insulin secretion (Holness
et al., 2004). Therefore, PUFAs seems to be protective at low doses in fatty
acid-induced apoptosis and may have anti-apoptotic effects in islets in vivo.
Furthermore, the normalising effect of omega-3 PUFAs on high-fat dietinduced hyperinsulinaemia in response to glucose may have long-term beneﬁcial effects on insulin sensitivity.
13.3.6 Polyunsaturated fatty acids and inﬂammation
It is now recognised that the adipocytes produce and actively secrete many
hormones and cytokines into the circulation (Ahima and Flier, 2000). Many
of these factors, collectively termed adipokines, are involved in inﬂammation and it has been suggested that inﬂammation is one important factor
behind the development of obesity-related diseases (Havel, 2004; Berg and
Scherer, 2005; Wellen and Hotamisligil, 2005).
The link between fatty acids and inﬂammation lies in the fact that the
inﬂammatory mediators termed eicosanoids are generated from longchain fatty acids. The role of PUFAs in inﬂammation has recently been
thoroughly reviewed (Browning, 2003; Wu, 2004; Calder, 2005). Inﬂammatory
cells contain high levels of the omega-6 PUFA arachidonic acid and low
levels of the omega-3 PUFA EPA. The eicosanoids include prostaglandins,
thromboxanes and leukotrienes, and these are typically produced from
arachidonic acid. The eicosanoids in turn enhance the generation of reactive
oxygen species and production of inﬂammatory cytokines like tumour
necrosis factor-1α (TNF-1), interleukin-1 (IL-1) and IL-6 (Calder, 2005).
Increased consumption of the omega-3 PUFAs EPA and DHA results in
elevated levels of these fatty acids in the inﬂammatory cells, resulting in
reduced production of eicosanoids with arachidonic acid as precursor. The
eicosanoids produced from EPA are believed to be less potent in their
inﬂammatory action compared with those formed from arachidonic acid.
Thus, one positive effect of omega-3 PUFAs in inﬂammation is that lesspotent eicosanoids are produced. Furthermore, EPA is precursor to a novel
group of anti-inﬂammatory mediators (E-series resolvins) that may be of
importance in the mechanism of action of PUFAs in inﬂammation (Serhan
et al., 2002).
EPA and DHA have a number of other anti-inﬂammatory effects downstream of the eicosanoid production. For example in cell culture systems
with endothelial cells, EPA and DHA inhibited the production of IL-6 and
IL-8 (De Caterina et al., 1994). Dietary supplementation of ﬁsh oil in both
rodents and humans has resulted in decreased production of TNF-1α, IL-1
and IL-6 (Endres et al., 1989; Yaqoob and Calder, 1995; Caughey et al., 1996).
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Omega-3 PUFAs may also have a direct effect on inﬂammatory gene
expression through activation of transcription factors such as nuclear factor
(NF)-κB (Novak et al., 2003). Taken together, long-chain omega-3 PUFAs
may function as anti-inﬂammatory agents in the prevention and/or treatment of obesity and its related diseases.

13.4

Producing omega-3 polyunsaturated fatty acids

13.4.1 Types and sources of polyunsaturated fatty acids
The therapeutic signiﬁcance of omega-3 PUFAs has been clearly indicated
in clinical trials and epidemiological studies (Bucher et al., 2002; Hu et al.,
2002). Fatty ﬁsh or ﬁsh oils are the richest sources of long-chain omega-3
PUFAs, but as already discussed, the dietary intake of ﬁsh has decreased.
However, ﬁsh stocks are also declining and there have been reports indicating the accumulation of heavy metals and pollutants in some ﬁsh (Hites et
al., 2004). There is thus an urgent need for alternative sources of long-chain
omega-3 PUFAs and there is considerable interest in developing new techniques for this purpose. The primary producers of various omega-3 PUFAs
in nature are bacteria, algae, fungi, insects and some invertebrates. Other
PUFAs are extracted from oily plant seeds (Table 13.2).
13.4.2

Production and puriﬁcation of omega-3 polyunsaturated
fatty acids
The long-chain PUFAs arachidonic acid, EPA and DHA (Fig. 13.1) are of
nutritional importance and also play important roles in the prevention
of various diseases. Fish oil is the conventional source of EPA and DHA.
However, ﬁsh oils contain a crude mixture of several different fatty acids
and the omega-3 PUFAs need to be extracted and puriﬁed before they can
be used for dietary supplementation in pharmacological applications. It
should be noted that ﬁsh cannot produce the long-chain omega-3 PUFAs
by themselves and the fatty acids that can be extracted from ﬁsh fat derive
originally from marine microalgae. Many methods have been used to purify
EPA and DHA from ﬁsh oil including, for example, chromatographic
methods, distillation, enzymatic splitting and crystallisation. However, these
processes are expensive and new methods and sources need to be identiﬁed.
Microalgae produce omega-3 PUFAs and several studies have been performed to develop a commercially feasible technology to produce EPA
directly from these marine plants (Wen and Chen, 2003). Even though there
are a large number of EPA-containing microalgae, few have demonstrated
industrial production potential. The major problems have been low growth
rate, low cell density and high cost in the conventional photoautotrophic
conditions. An alternative method is a heterotrophic cultivation system,
where an organic carbon source such as sugar can be used as the sole energy
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source. This mode of culture eliminates the requirement for light and may
increase productivity (Wen and Chen, 2003).
Recent progress has been made using another approach to produce longchain PUFAs, which involves the use of transgenic plants (Napier et al.,
2004, Qi et al., 2004). Long-chain omega-3 PUFAs such as arachidonic acid
and EPA were produced and accumulated in plants that had been transfected with genes encoding enzymes participating in the omega-3/omega-6
biosynthetic pathway for formation of long-chain PUFAs. This is a new
promising method for alternative production of these essential fatty acids.

13.5

Omega-3 and other polyunsaturated fatty acids in
functional food products

Functional foods are food products that have beneﬁcial effects on physiology and/or have the ability to reduce the risk of a disease. Functional foods
may be conventional food or foods that have been enriched with functional
components to provide greater health beneﬁts, but they do not include
puriﬁed substances provided in pills or capsules. Since omega-3 PUFAs
have been shown to have beneﬁcial effects in several health conditions they
are considered to be a functional food. The positive effects of omega-3
PUFAs in different diseases have been established and these fatty acids
have been particularly interesting in coronary heart disease but also in
several other conditions such as arteriosclerosis, type 2 diabetes, cancer,
depression and asthma (de Lorgeril et al., 1994; Simopoulos, 1999; Ruxton
et al., 2004; Nettleton and Katz, 2005). The beneﬁcial effects of omega-3
PUFAs on health have resulted in the production of dietary supplements
becoming a large industry. There is also a large and growing market for
producing functional foods enriched in omega-3 PUFAs, such as omega-3enriched eggs or omega-3 PUFA-supplemented margarine. For example, in
Sweden a dairy product company has produced a margarine containing
40% fat and consisting of butter, rapeseed oil and ﬁsh oil. Several companies have specialised in extracting omega-3 PUFAs from ﬁsh to provide
omega-3-enriched ﬁsh oil to be used for the production of functional foods.
Fish oil was earlier considered difﬁcult to include in cooking or as a supplement in foods since it has a peculiar smell and taste. However, with today’s
techniques it is possible to produce ﬁsh oil extracts without this problem,
making it easier to produce food products enriched with these fatty acids.

13.6

Future trends

13.6.1 Dietary recommendations and therapeutic use
As presented here, PUFAs have the potential to affect a large number of
metabolic processes and, therefore, these fatty acids are beneﬁcial in obesity
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and its related diseases. The most important effect of omega-3 PUFAs, and
in particular EPA and DHA, is the triglyceride-lowering effect observed in
humans (Connor et al., 1993). Lowering circulating triglycerides has been
proven to protect against coronary heart disease and the use of ﬁsh oil or
increased consumption of ﬁsh after myocardial infarction reduced reinfarction and mortality (Calder, 2004). The American Heart Association have
presented guidelines for dietary ﬁsh intake, proposing that patients without
documented coronary heart disease should eat a variety of ﬁsh, preferably
oily ﬁsh, twice a week (Kris-Etherton et al., 2002). Patients with documented
coronary heart disease should consume dietary supplementation of at least
1 g EPA and DHA per day. Long-chain omega-3 PUFAs derived from ﬁsh
and ﬁsh oils have beneﬁcial effects in people with pre-existing cardiovascular heart disease. One serving of ﬁsh per week may decrease the risk of
mortality in heart failure by up to 40%. Patients with type 2 diabetes are
often overweight or obese. To better control this disease it is important to
eat healthily and to control fat intake. The American Diabetes Association
recommend two to three servings of ﬁsh per week and the use of vegetable
oils instead of butter in cooking (www.diabetes.org). Furthermore, the
Department of Health and Human Services (HHS) and the Department of
Agriculture (USDA) publish annually the Dietary Guidelines for Americans
(www.healthierus.gov/dietaryguidelines/) providing advice on good dietary
habits, which can promote health and reduce risk for major chronic
diseases.
The role of PUFAs for body weight control is, however, at the present
time not fully understood. Most studies indicate no change in body weight
after increased intake of PUFAs. However, incorporation of a ﬁsh meal in
a weight-loss programme improved the response to the diet with a tendency
to increased weight loss, although this was not statistically signiﬁcant (Mori
et al., 1999). Fasting insulin levels were signiﬁcantly reduced and the lipid
proﬁle improved with decreased triglyceride levels and increased highdensity lipoprotein levels. A dietary recommendation that is valid for all
individuals is to consume a diet with: (1) decreased total fat content; (2)
reduced saturated fat content; (3) reduced omega-6 : omega-3 fatty acid
ratio by increasing the intake of omega-3 PUFAs. This would be recommended to maintain body weight and whole-body glucose and lipid
metabolism.
The positive effects of ﬁsh oil and omega-3 PUFAs in cardiovascular
disease and mortality are apparent. However, most studies with increased
ﬁsh intake or addition of dietary ﬁsh oil supplementation do not take into
account that there may be other components present in ﬁsh that may be
important in cardiovascular health. The recommendation by the American
Heart Association is that the degree of PUFAs in the diet should be increased
and that the ratio of omega-6 : omega-3 PUFAs needs to be reduced. This
will be achieved by increased consumption of plant-derived α-linolenic acid
and marine-derived EPA and DHA (Kris-Etherton et al., 2002). Another

Omega-3 fatty acids and other polyunsaturated fatty acids

297

source of essential omega-3 PUFAs is walnuts, which despite being
energy dense have no implications in inducing altered energy balance.
Hence, incorporation of nuts into diets with low levels of saturated fats may
have beneﬁcial effects on weight reduction and maintenance (Gillen et al.,
2005).
In summary, different fat types have different effects on satiety. To be
able to make clear recommendations regarding dietary PUFA supplementation, more studies are needed to evaluate the correct composition of fatty
acids that induces satiety and maintains energy balance. Methods for prevention of metabolic abnormalities such as overweight, obesity and type 2
diabetes are urgently required and a primary long-term strategy to cure
these diseases is to improve dietary habits. The use of PUFAs in the diet
may, by stimulating the use of fat as an energy substrate and by reducing
the accumulation of fat in the adipose tissue, signiﬁcantly contribute to the
maintenance or reduction of body weight.

13.7

Sources of further information and advice

There are many websites that can be consulted for dietary recommendations (Table 13.4). The American Dietetic Association has a site with information about food and nutrition for everyone who wants to keep a healthy
lifestyle. Similar information can be found on the British Nutrition
Foundation website and at the American Heart Association website.
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www.triomega.com
www.cyberlipid.org
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14
Medium-chain and structured
triglycerides: their role in weight control
I. Rudkowska and P. J. H. Jones, University of Manitoba, Canada

14.1

Introduction: medium-chain triglycerides and
weight control

Conventional fats and oils are composed of glycerides of 12- to 18-carbon
long-chain fatty acids (LCFA). These compounds are known as long-chain
triglycerides (LCT) and are the predominant form of lipids in the diet.
Lipids are an essential source of energy and essential fatty acids, and a vital
component of body cells. Therefore, it would be beneﬁcial to have a dietary
fat with the added beneﬁt of anti-obesity properties. Medium-chain triglycerides (MCT) have a number of unique characteristics relating to
energy density, absorption and metabolism, which give them advantages
over the more common LCT. Upon hydrolysis, MCT yield medium-chain
fatty acids (MCFA) [caproic (C6), caprylic (C8), capric (C10), lauric (C12)]
(Papamandjaris et al., 1997). Naturally occurring sources of MCT are rare,
but include milk fat, palm kernel oil, and coconut oil. Human consumption
of MCT is currently low but intake should perhaps be greater due to the
distinctive properties of MCT, which cause an increase in energy expenditure (EE) and increased satiety that may contribute to weight loss.
First, the energy density of MCFA is less than that of LCFA due to their
shorter chain length. MCT provide about 10% fewer calories than LCT –
8.3 cal/g for MCT versus 9 cal/g for LCT (Bach et al., 1972). Therefore,
the use of MCT can decrease caloric intake and potentially decrease body
weight and body fat in the long term.
Secondly, MCT demonstrate additional characteristics of evident advantage. Speciﬁcally, MCFA are readily hydrolysed from triglycerides (TGs) by
lingual and gastric lipases, compared with LCFA that require intestinal
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lipase to cleave TGs (Babayan, 1987). MCT oils also require less bile salts
and pancreatic enzymes for digestion than LCT. The intramucosal metabolism of MCFA differs from that of LCFA. MCFA have a lower afﬁnity for
esterifying and activating enzymes, and there is a minimal re-steriﬁcation
of MCFA to MCT, as compared with LCFA (Babayan, 1987). In addition,
the intraluminal enzymatic hydrolysis of MCT is more rapid and complete
than that of LCT since the smaller molecular size of MCT allows slight
amounts to enter the intestinal cell without prior hydrolysis (Babayan,
1987). These properties enable MCT to be absorbed rapidly and more
completely than LCT.
Thirdly, MCT are metabolized differently from LCT as demonstrated in
Fig. 14.1. MCT are disassembled and enter the bloodstream as mediumchain free fatty acids (MCFFAs). These MCFFAs are transported to the
liver directly via the hepatic portal circulation, which does not require chylomicron formation. In contrast, LCT are absorbed via intestinal lymphatic
ducts and transported in chylomicrons through the thoracic duct to reach
the systemic circulation. MCFA are transported into hepatocytes and
converted to medium-chain fatty acyl CoA esters, which are further
transported into mitochondria for conversion to acetoacetate and betahydroxybutyrate. These substrates may be further metabolized in the liver
to carbon dioxide, water, and energy. Finally, MCFA tend to be preferentially oxidized in comparison with LCFA; therefore, less ingested MCT are
deposited in the body as fat.
In summary, these unique characteristics of MCT, including their caloric
content, and digestive and metabolic pathways, may give them the potential
to induce weight loss as well as to maintain a healthy body weight.

Digestive
tract

Lymphatic
system

Adipose tissue

Liver

LCT and
MCT fats
TG
Chylomicron
LCT

Repackaged
into complex
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LCFA
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Mechanism of action of MCT compared with LCT.

Medium-chain and structured triglycerides

14.2

307

Metabolic effects of medium-chain triglycerides related
to weight control

14.2.1 Effects of medium-chain triglycerides on energy expenditure
Many animal studies have shown that diets high in MCT increase thermogenesis, leading to less fat deposition as compared with diets high in LCT
(Bray et al., 1980; Baba et al., 1982; Geliebter et al., 1983; Rothwell and
Stock, 1987). An animal study by Lasekan et al. (1992), showed lower weight
gain and 8–13% greater EE in rats fed a 3 : 1 mixture of MCT and LCT in
emulsion compared with only LCT. Overall, animal studies suggest the
possibility for MCT to increase EE in humans, thus potentially assisting in
weight loss. The short-term effects of MCT on human EE are summarized
in Table 14.1; long-term studies on EE are summarized in Table 14.2.
Human studies were ﬁrst conducted by Flatt et al. (1985), who observed
a greater postprandial (PP) thermogenesis and the tendency for a lower
respiratory quotient, indicating a greater fat oxidation, over the ﬁrst few
hours following the consumption of a meal high in MCT compared with a
meal high in LCT. This ﬁnding was reafﬁrmed by Seaton et al. (1986), in
seven healthy men. Results demonstrated that mean PP oxygen consumption was 12% higher than basal values after the MCT meal, while it was
4% higher than the basal oxygen consumption after the LCT meal. However,
these two studies examining the effect of MCT were one-meal effect and
single-day experiments, which represent major limitations of these study
designs.
A 1-week study assessed whether thermogenesis was affected differently
in the presence of excess dietary energy as MCT in comparison to energy
as LCT (Hill et al., 1989). Hill et al. (1989) recruited ten young males who
were fed 150% of estimated energy requirements in a liquid formula diet
containing 40% fat as either MCT or LCT. The authors demonstrated that
excess dietary energy as MCT stimulated an increase in the thermic effect
of food (TEF) to a greater degree than excess energy as LCT. This increase
was seen on days 1 and 7 of the study and was most probably due to
enhanced hepatic lipogenesis. The group recognized that the 1-week duration of the study was a limiting factor in determining the effects of MCT
on basal metabolic rate (BMR) and body weight, as changes in these parameters could not be seen over such a short study period. Hence, it is was not
known whether the effects of high-MCT diets on EE in humans found in
short-term studies would persist in studies of longer duration and would
produce weight loss even if energy intake remained constant.
Consequently, longer studies to assess the impact of MCT on EE were
undertaken. White et al. (1999), fed 12 non-obese, premenopausal women
a diet containing 40% of energy as fat, either in the form of butter and
coconut oil or beef tallow, over 14 days. On day 7, mean BMR and PP EE
values were signiﬁcantly greater with the MCT diet than with the LCT
diet. On day 14, PP total EE was still greater with the MCT diet, but not
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Human work on the acute effects (1 meal) of MCT on EE

Study design

Study diet including amount of MCT
(∼g/day)

Outcomes on EE

Flatt et al., 1985
Randomized, cross-over study
Controlled diet
7 young men

Mixed 858 kcal meal including
40 g MCT + 10 g LCT or
50 g LCT

↑ Postprandial thermogenesis
↓ Respiratory quotients, ↑ fat oxidation

Seaton et al., 1986
Randomized, cross-over study
Controlled diet
7 healthy men

Test meal containing
48 g MCT or
45 g corn oil meal

↑ Postprandial oxygen consumption
NS ↓ Respiratory quotients, ↑ fat oxidation
↑ 3-Hydroxybutyrate concentration

Scalﬁ et al., 1991
Randomized, cross-over study
Controlled diet
6 lean and 6 obese young men

Mixed meals including
38 g LCT or
30 g MCT + 8 g LCT

↑ Postprandial thermogenesis in the lean and the obese
subjects
↓ Respiratory quotients, ↑ fat oxidation in the lean but not
obese subjects

Dulloo et al., 1996
Randomized, cross-over study
Controlled diet
8 healthy men

Combinations of MCT and LCT in the
following ratio of MCT : LCT (g/g):
0 : 30, 5 : 25, 15 : 15, and 30 : 0

↑ EE with ↑ MCT : LCT ratio
↑ 24-h EE with the diet providing a total of 15–30 g MCT
↔Respiratory quotients but trends towards ↓
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Table 14.1

Van Wymelbeke et al., 2000
Randomized, cross-over study
Controlled diet
12 healthy men

Bendixen et al., 2002
Randomized, cross-over study
Controlled diet
11 healthy men

Kasai et al., 2002
Randomized, cross-over study
Controlled diet
16 healthy men and women

↔ EE after the different lunches
↓ Carbohydrate oxidation was lower after the MCT and
LCT lunches than after the Carbohydrate lunch

Ingested 30 g (50 : 50) of MCT–LCT
load or 30 g LCT (olive oil)

↓ LCT oxidation in obese versus lean
↑ MCT oxidation then LCT
↔ MCT oxidation in obese versus lean

60% fat test meal, 4 different test fats:
conventional fat (rapeseed oil);
3 modiﬁed fats (all 48% MCT) –
lipase-structured fat, chemically
structured fat, and physically mixed
fat

↔ EE between fats
↔ Substrate oxidation including fat oxidation
↔ Appetite or ad libitum energy intake

Study 1: liquid meals including
10 g MCT or 5 g MCT + 5 g LCT or
10 g LCT
Study 2: margarine or mayonnaise
including 5 g MCT or 5 g LCT

Study 1:
↑ TEF after 5 g MCT + 5 g LCT and 10 g MCT
↓ Respiratory quotients, ↑ fat oxidation
Study 2:
↑ TEF after 5 g MCT of both foods

Abbreviations: MCT, medium-chain triglycerides; LCT, long-chain triglycerides; EE, energy expenditure; TEF, thermic effect of food; NS, non-signiﬁcant.
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Binnert et al., 1998
Randomized, cross-over study
Controlled diet
8 lean and 8 obese women

4 lunches dietary carbohydrate, fat
(≈ 43 g MCT or LCT), and a basic
hypoenergetic lunch
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Human work on the chronic effect (>1 meal) of MCT on EE

Study design

White et al., 1999
Randomized, cross-over study
Controlled diet
12 healthy women
St-Onge and Jones, 2003;
St-Onge et al., 2003b
Randomized, cross-over study
Controlled diet
24 overweight men

St-Onge et al., 2003a
Randomized, cross-over study
Controlled diet
17 overweight women

Outcomes on energy expenditure

Overfeeding period (150% of energy
requirements) with 40% fat diet as
∼185 g MCT or ∼168 g LCT for
7 days

↔ BW, body fat
↔ RMR
↑ TEF on day 1 and day 5
↑ EE on day 7
↓ Fat oxidation in both diets
↑ β-hydroxybutyrate

40% fat of total energy 2540 kcal (80%
from experimental oil) as ∼90 g
MCT for 14 days

↔ BW, body fat
↑ BMR on day 7
↑ Postprandial total EE on day 7, but NS ↑ by day 14
↑ Fat oxidation on days 1 and 7

40% fat of total energy (75% from
experimental oil) as functional oil
composed of ∼64.7 g MCT* (64.7%
of fat) + PS (22 mg/kg body weight)
+ n-3 fatty acids (5% of fat) versus
∼100 g olive oil for 29 days

↓ BW
↔ RMR
↑ Postprandial EE and TEF on days 2 and 28
↑ EE on day 2, NS↑ on day 28
↑ Fat oxidation on day 2, NS↑ on day 28

40% fat of total energy (75% from
experimental oil) as functional oil
composed of ∼50 g MCT* (50% of
fat) + PS (22 mg/kg body weight)
+ n-3 fatty acids (5% of fat) versus
∼100 g beef tallow for 27 days

↓ BW to same extent as beef tallow
↔ RMR
↔ Postprandial EE and TEF
↑ EE on day 2 higher than day 27
↑ Fat oxidation on days 2 and 27

Abbreviations: BW, body weight; EE, energy expenditure; MCT, medium-chain triglycerides; LCT, long-chain triglycerides; NS, non-signiﬁcant; PS, plant
sterol; RMR, resting metabolic rate; TEF, thermic effect of food.
* Calculated based on 3000 kcal.
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Hill et al., 1989
Randomized, cross-over study
Controlled diet
10 non-obese men

Study diet including amount of MCT
(∼g/day)
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signiﬁcantly. The authors concluded that short-term feeding of MCTenriched diets increases total EE, but this effect may not be sustained with
continued feeding. In addition, MCT were suggested to exert greater incremental increases in EE when given in a single dose than during chronic
intake. In order to further explore the outcome of long-term MCT intake,
a 27-day study was carried out to determine the effects of MCT versus LCT
consumption in 17 obese healthy women (St-Onge et al., 2003a). Long-term
consumption of MCT enhanced both EE and fat oxidation on day 2, as
well as on day 27, when compared with LCT consumption. A similar protocol conducted in 19 overweight men for 28 days showed comparable
results, with average EE and fat oxidation being greater on day 2 and
showing a tendency to increase on day 28 with MCT as compared with
LCT consumption (St-Onge and Jones, 2003; St-Onge et al., 2003c).
These human studies demonstrated an evident increase in EE, especially
in men. When data are extrapolated from trials conducted in men, the
average EE is approximately 460 kJ/day greater with MCT than with LCT
consumption. In contrast, data from women show differences in EE of
138 kJ/day between MCT and LCT. Using the peak difference in EE
between MCT and LCT in men, it has been determined that a weight gain
of 1.35 kg in 30 days could be avoided by substituting MCT for LCT. Using
the lowest difference in EE between MCT and LCT, both men and women
could avoid a weight gain of 0.45 kg per 30 days by consuming MCT rather
than LCT.
The ingestion of MCT in low to moderate quantities may have variable
effects on TEF. Dulloo et al. (1996), fed subjects 15–30 g of MCT in addition
to a weight-maintaining diet containing 40% of energy as fat. It was reported
that EE increased signiﬁcantly with increasing MCT : LCT ratio. Furthermore,
the difference in 24-h EE between 30 g of MCT and 30 g of LCT was 471 kJ;
this increase in EE would result in about 0.45 kg of fat loss over 36 days if
effects were to persist over that period. However, even smaller doses of
MCT (5 and 10 g/day) have been tested (Kasai et al., 2002). Results have
shown that intake of small doses of MCT causes larger diet-induced thermogenesis than LCT. Therefore, both small and large doses of MCT increase
EE; however, large doses may create greater TEF, which may be more
beneﬁcial for weight loss.
There may be differences in the effect of MCT on TEF between lean
and obese individuals. Scalﬁ et al. (1991) ﬁrst tested this possibility. Their
results demonstrated that PP thermogenesis was enhanced in both lean and
obese subjects when LCT were replaced with MCT, but that MCT-induced
thermogenesis tended to be higher in obese than in lean individuals.
Similarly to the previous study, Binnert et al. (1998), showed that LCT were
less well oxidized in obese than in control subjects when consuming a mixed
50% LCT and 50% MCT load. The authors suggested that obesity may
be associated with a defective oxidation of LCT, probably related to
excessive intake of meal-derived LCT. Thus, substitution of MCT for LCT
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in combination with a weight-maintaining diet might prevent long-term
weight gain via increased EE.
There is clear evidence that MCT create an increase in TEF in both
animal and human studies within the ﬁrst week of intake; however, some
metabolic adaptations to MCT may occur afterwards as demonstrated in
long-term feeding studies. This metabolic regulation may be due to weight
loss, and techniques should be sought to avoid this metabolic adaptation.
Furthermore, the effects of MCT on PP thermogenesis seem to be dose
dependent, although even small doses can increase PP thermogenesis. In
addition, MCT are oxidized at a faster rate than LCT which may suggest
that they will lead to less fat accumulation and subsequent weight loss.
14.2.2 Effects of medium-chain triglycerides on appetite control
MCT may help with appetite control via their satiating properties. The
satiating properties of MCT involve multiple pre-absorptive and postabsorptive mechanisms. First, MCT appear as a thin, light-yellow, clear, and
odorless oil, with a nearly neutral or slightly bland taste, whereas MCFA
are characterized by an odor of goat and strong bitterness (Bach et al.,
1996). This repulsive quality is extremely strong, as a concentration of
0.1% makes a meal unﬁt for human consumption (Bach et al., 1996). These
palatability properties are important determinants of feeding behavior of
an individual, in particular satiation.
The effect of dietary MCT versus LCT on short-term food intake has
been compared in rats (Maggio and Koopmans, 1982; Furuse et al., 1992).
The satiating effect of these two triglycerides appears to be related to their
caloric content rather than to chain length (Feinle et al., 2001; WesterterpPlantenga, 2004a). In addition, the ingestion of MCT as a bolus does not
stimulate contraction of the gallbladder nor raise the plasma cholecystokinin (CCK) level in the manner in which it occurs following LCT ingestion
(Hopman et al., 1984). This gastric relaxation by MCT is not sufﬁcient to
induce satiation; therefore, the nutrient-induced gastric relaxation occurs
through other mechanisms than CCK (Furuse et al., 1992; Barbera et al.,
2000). According to Maas et al. (1998), MCT inhibit gastrin-stimulated
gastric acid secretion, but less so than LCT. Overall, it has been determined
that the satiating effects of a fat depend on the fatty acid chain length, and
moreover that the role of CCK and gastrin-stimulated gastric acid are
minor.
Post-absorptive properties of MCT, including hepatic exposure to fatty
acids, may lead to greater beta-oxidation by the liver than that following
LCT intake. Enhanced beta-oxidation may in turn lead to increased satiety
(Westerterp-Plantenga, 2004b). Thus, MCT consumption in sufﬁcient
quantities over the long term may lead to decreased caloric intake and
consequently decreased body weight and fat. Van Wymelbeke et al. (2001),
conducted a study demonstrating that ingestion of a MCT-containing lunch
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resulted in less food consumed at dinner in comparison with the other nonMCT-containing meals, indicating that MCT have a higher satiation power
than other fats and carbohydrates. This increased satiety may also be due
to greater fat oxidation after the MCT lunches. Krotkiewski (2001), demonstrated a similar decrease in hunger feelings and increase in satiety with
MCT intake, related to a higher concentration of plasma ketone bodies and
lower nitrogen excretion. These differences were observed during the ﬁrst
2 weeks of treatment and then gradually declined during the third and
fourth weeks. However, it is important to note that the increase of ketone
bodies paralleled the intensity of hunger feelings, demonstrating that
beta-oxidation may lead to increased satiety. These effects gradually
declined, indicating subsequent metabolic adaptation, as was demonstrated
in studies of MCT-related EE (Krotkiewski, 2001). Long-term effects of a
diet rich in MCT or LCT on subjective appetite and ad libitum energy
intake were compared in 24 men by St-Onge and Jones (2003) and St-Onge
et al. (2003b). There was a trend towards decreased appetite and ad
libitum energy intake during MCT compared with LCT consumption.
Correspondingly, the average fat oxidation tended to be greater with MCT
compared with LCT intake on day 2, but not on day 28. Conversely, Bendixen
et al. (2002) observed no differences in fat oxidation, appetite, or ad libitum
energy intake after intake of any one of three randomly provided, modiﬁed
MCT-rich meals. The contradictory results between the studies may be due
to different study lengths – one meal versus several days. The initial accumulation of ketone bodies may produce increased satiety, but there may be
no further satiating effects when the body adapts to the higher levels of
ketone bodies. Further research is required to conﬁrm the short- and longterm appetite-suppressing effects of MCT supplementation in relation to
beta-oxidation.
Although MCT have been shown to induce satiety and stimulate hormone
secretion, no single hormone has been clearly associated with MCT digestion. Therefore, the exact mechanism for the satiating effects of MCT is
unknown, but may possibly be explained by the distinct energy density of
MCT or the increase in fat oxidation that they promote.
14.2.3

Effects of medium-chain triglycerides on body weight and
body fat
Animal and human studies indicate enhanced EE and satiety after MCT
consumption; these studies were conducted to determine if these characteristics translate into decreases in fat mass. In animals consuming MCT, body
weight was lower, fat depots smaller (Lavau and Hashim, 1978; Bray et al.,
1980; Baba et al., 1982; Geliebter et al., 1983; Crozier et al., 1987; Hill et al.,
1993), and adipose size reduced (Baba et al., 1982; Crozier et al., 1987) with
MCT compared with LCT. These experiments suggest that the decreased
deposition of fat in the MCT-fed rats may have resulted from obligatory
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oxidation of MCT-derived fatty acids in the liver after being transported
there via the portal vein, leaving almost no MCT derivatives for incorporation into body fat. Overall, these animal studies with MCT indicate positive
results relating to body weight, suggesting a potential for dietary prevention
of human obesity via MCT intake.
Diets high in fat have been previously shown to induce a gain in body
weight. However, substitution of a readily metabolized fat for a less well
metabolized fat, within the context of a very high fat, energy-dense diet, can
potentially limit excess energy intake and resultant weight gain (Stubbs and
Harbron, 1996). MCT have been shown to reduce body weight effectively
in numerous studies (Binnert et al., 1998; Krotkiewski, 2001; Nosaka et al.,
2003; St-Onge and Jones, 2003; St-Onge et al., 2003b). However, others have
not found positive effects on body weight (Yost and Eckel, 1989; St-Onge
et al., 2003a). A summary of studies on the effects of MCT on body weight
and composition is provided in Table 14.3.
The addition of MCT to hypocaloric diets displays variable effects. Yost
and Eckel (1989) compared MCT and LCT feedings during and after 4 or
12 weeks of hypocaloric feedings in 16 obese women. It was concluded that
MCT are safe, but fail to increase the rate or amount of weight loss. However,
a major drawback in this study was that the authors did not measure EE or
body composition. Another study tested the effects of a very low calorie diet
supplemented with MCT versus a low-fat, high-carbohydrate regimen over
4 weeks (Krotkiewski, 2001). The MCT group showed a signiﬁcantly greater
decrease in body weight during the ﬁrst 2 weeks compared with the group
consuming the low-fat, high-carbohydrate diet. The contribution of body
fat to the total weight loss was also higher while the contribution of fat-free
mass was lower, as measured by dual-energy x-ray absorptiometry. Similarly,
Nosaka et al. (2003) randomized 73 subjects into two groups and provided
them with 2100–2400 kcal/day of energy, including 5 g/day of MCT or LCT.
After 12 weeks, subjects on the MCT diet demonstrated decreases in total
body fat, subcutaneous fat, and visceral fat as measured by the air-displacement method. The authors suggested that a PP increase in thermogenesis
was the cause of the weight loss, but EE was not measured. Overall, the
beneﬁts of MCT supplementation in combination with a hypocaloric diet
are signiﬁcant; however, future studies are needed to conﬁrm these results.
St-Onge et al. (2003a) recruited 17 obese women to assess body composition by magnetic resonance imaging (MRI) after long-term consumption of
an MCT-supplemented diet. Changes in total and subcutaneous adipose
tissue volumes were not signiﬁcantly different between MCT and LCT
diets. The authors hypothesized that the lack of effect on body composition
in women may have been due to inadequate intake of MCT oil, and thus a
smaller increase in EE. Therefore, the same investigators recruited 19
healthy, overweight men who consumed diets rich in MCT or LCT (St-Onge
and Jones, 2003; St-Onge et al., 2003b). This study found a greater decrease
in body weight, including the upper body adipose tissue as measured by

Table 14.3

Human work on the chronic effect of MCT and structured lipids on body weight and composition

Study design
St-Onge and Jones, 2003;
St-Onge et al., 2003b
Randomized, cross-over study
Controlled diet
24 overweight men

Beermann et al., 2003
Randomized, cross-over study
Controlled diet
10 healthy overweight men
Yost and Eckel, 1989
Parallel arm study
Ad libitum diet
16 obese women

Outcomes on body weight and body composition

↓ BW and body mass
↓ Total adipose tissue
↓ Upper adipose tissue
NS↓ subcutaneous adipose tissue

40% fat of total energy (75% from
experimental oil) as functional oil
composed of ∼50 g MCT* (50% of
fat) + PS (22 mg/kg body weight) +
n-3 fatty acids (5% of fat) versus
∼100 g beef tallow for 27 days

↓ BW to same extent as beef tallow
↔ Total adipose tissue
↔ Subcutaneous adipose tissue

1500 kcal diet with 55.5% as fat ∼53 g
MCT + 16 g n-3 LCPUFA/day
versus LCT (vegetable oils) for
15 days

↓ BW
↓ Body fat mass

800 kcal/day liquid diet with 30% of
calories as 6% of calories as LCT
(5 g) and 24% as MCT (21 g) or
LCT (27 g) for 4 or 12 weeks

↓ BW to same rate as LCT
↔ Serum ketones
↔ N balance
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40% fat of total energy (75% from
experimental oil) as functional oil
composed of ∼ 64.7 g MCT*
(64.7% of fat) + PS (22 mg/kg
body weight) + n-3 fatty acids (5%
of fat) versus ∼100 g olive oil for
29 days
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St-Onge et al., 2003a
Randomized, cross-over study
Controlled diet
17 overweight women

Study diet including amount of MCT
(∼g/day)

Table 14.3

Continued

Tsuji et al., 2001
Parallel arm study
Ad libitum diet
78 healthy men and women
Nosaka et al., 2003
Randomized, crossover study
Ad libitum diet
73 healthy men and women
Takeuchi et al., 2002
Randomized, cross-over study
Ad libitum diet
6 active young men

Kasai et al., 2003
Parallel arm study
Ad libitum diet
82 subjects

Outcomes on body weight and body composition

Structured medium- and long-chain
triglycerols composed of ∼20 g
medium- (10%) and ∼180 g longchain (90%) fatty acids versus
LCT for 12 weeks

NS ↑ BW to same extent as LCT
↑ Body fat to same extent as LCT
↓ Body fat variation

60 g total fat including 10 g MCT or
10 g LCT for 12 weeks

↓ BW in both groups but ↑ weight loss in MCT
↓ Body fat mass in both groups but ↑ in MCT in pt BMI ≥ 23
↓ Subcutaneous adipose tissue in pt BMI ≥ 23
↓ Visceral fat in pt BMI < 23

2100–2400 kcal diet including 65–73 g/
day of total fat with 5 g of MCT or
5 g of LCT (rapeseed and soybean
oil) for 12 weeks

↓ BW
↓ Total adipose tissue
↓ Subcutaneous adipose tissue
↓ Visceral adipose tissue

Structured lipids 20 g of dietary
triglycerols containing (20%)
medium- and (80%) long-chain
fatty acids (TML) 4 g MCT versus
20 g/day of soybean oil for 3 weeks

NS ↑ BW to same extent as soybean oil
↓ Body fat
↓ Rate of variation BW

Structured medium- and long-chain
triglycerols (MLCT) diet
consumed 14 g of MLCT
containing 1.7 g MCFA versus
LCT for 12 weeks

↓ BW
↓ Body fat
↓ Subcutaneous and visceral fat

Abbreviations: BW, body weight; BMI, body mass index; MCT, medium-chain triglycerides; MCFA, medium-chain fatty acids; LCT, long-chain triglycerides;
LCPUFA, long-chain fatty acids; N, nitrogen; NS, non-signiﬁcant; PS, plant sterol; pt, patients.
* Calculated based on 3000 kcal.
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Matsuo et al., 2001
Parallel arm study
Ad libitum diet
13 healthy male volunteers

Study diet including amount of MCT
(∼g/day)
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MRI, with MCT compared with LCT consumption; these results were probably due to the increase in measured EE and fat oxidation observed with
MCT intake (St-Onge and Jones, 2003; St-Onge et al., 2003b). The authors
concluded that substitution of MCT for LCT in a targeted energy-balanced
diet might prevent long-term weight gain via increased EE. Furthermore,
the results indicated that MCT may be a better tool in the prevention of
weight gain when body weight is not yet highly elevated, since MCT consumption stimulated EE and fat oxidation to a lower extent in men of
greater body weight compared with in men of lower body weight (St-Onge
et al., 2003b).
These studies suggest that replacing LCT with MCT oil could produce
body fat loss over long periods of time, with or without reduced energy
intake. However, the exact area of fat loss in the human body is still undetermined. Individual and genetic differences in the populations studied, as
well as varying methods of analysis for body composition, may make generalizations more difﬁcult.

14.3

Effects of structured lipids related to weight control

MCT derivatives produced by the interesteriﬁcation process are referred
to as structural lipids or structural TGs. Interesteriﬁcation is a process by
which LCFA, such as oleic acid, are introduced into the ﬁnal product. In
the case of MCT derivatives, the product created is a rearranged TG with
both MCFA and LCFA, in the desired ratios, on the same glycerine molecule. The existence of physiological actions of structured lipids on body
weight and composition is explored in this section.
Human studies have been conducted with a variety of structured lipids
as demonstrated in Table 14.3. Matsuo et al. (2001) examined the effects of
a liquid diet supplement containing structured lipid composed of 10%
MCFA and 90% LCFA as compared with a liquid formula containing
LCT in 13 healthy male volunteers. Although body weight increased nonsigniﬁcantly in both groups, the rates of variation in body fat percentage
were lower in the structured lipid group than in the LCT group throughout
the 12-week study. Despite this, in another 12-week study comparing LCT
with a diet supplemented with 14 g of structured fat containing only 1.7 g
MCFA, results showed decreases in body weight, including subcutaneous
and visceral fat as measured by air displacement methods (Kasai et al.,
2003). Similarly, Takeuchi et al. (2002) examined the effects of 20 g of
structured lipid containing MCFA and LCFA versus the same quantity of
soybean oil for 3 weeks in 6 young men. The rate of variation in body fat
mass as measured by bioelectrical impedance was lower with the structured
lipids than with soybean oil.
Secondly, oils rich in MCT lack essential fatty acids, which makes them
inappropriate to consume as the sole source of fat in the diet. For this
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reason, the addition of essential fatty acids such as n-6 and n-3 long-chain
polyunsaturated fatty acids (n-6 and n-3 LCPUFA) to a structured lipid
may be beneﬁcial. Beermann et al. (2003) hypothesized that MCT combined
with n-3 LCPUFA would act synergistically to stimulate fatty acid oxidation, resulting in LCFA release from adipocytes and blood lipid clearance.
Ten overweight volunteers consumed a high-fat hypoenergetic diet for 15
days, including a formula containing either LCFA or a combination of
MCFA and n-3 LCPUFAs (Beermann et al., 2003). Both groups showed
equivalent reductions in body weight and fat mass (Beermann et al., 2003).
However, the study measured weight loss with a scale and body fat
by impedance, neither of which can give the breakdown of regional
changes in body composition. Nonetheless, longer-term studies with larger
sample sizes should be considered to determine the exact beneﬁts of
MCT and n-3 LCPUFA on weight loss, body composition, and blood lipid
parameters.
Structured lipids have recently been tested as agents to decrease body
weight and body fat accumulation and to improve lipoprotein proﬁle in
human studies. Results of these studies suggest that the daily intake of
structured lipids could result in a reduction in body weight and fat accumulation. However, the exact ratio of MCT to LCT and the components of
structured lipids required for optimal effects on both body composition and
blood lipids need further investigation.

14.4

Producing oils and using medium-chain triglycerides

14.4.1 Producing oils containing medium-chain triglycerides
The MCT used for commercial purposes are usually derived from lauric
fats, which are found primarily in palm kernel oil and coconut oil. In the
process of producing MCT, lauric oils are hydrolyzed to MCFFA and
glycerol. The glycerol is drawn off from the resultant mixture, and the
MCFA are fractionally distilled. The MCFA fraction used commercially
mainly consists of caprylic or octanoic acid (65–75% C8) and capric or decanoic acid (25–35% C10). Smaller amounts of caproic or hexanoic acid (1–2%
C6) and lauric acid (1–2% C12) exist in commercial products (Babayan,
1987).
Unlike most natural oils of animal or vegetable origin, MCT are stable
and resistant to oxidation, owing mainly to the saturation of the MCFA.
MCT oil is also colorless, odorless, and possesses a bland ﬂavor and low
viscosity; therefore MCT oil can be used in salad dressings and cooking oils.
However, MCT oil should not be heated to temperatures above 150–160 ˚C,
because the oil oxidizes and breaks down, adversely affecting its taste. This
characteristic is due to MCT oil’s content of low molecular weight fatty
acids, which have lower smoke, ﬂash, and ﬁre points than other animal or
vegetable fats.
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In 1991, the ﬁrst product commercialized containing MCT was Caprenin,
a reduced-calorie designer fat consisting of three fatty acids: caprylic, capric,
and behenic acid. Behenic acid is poorly absorbed because of its very long
chain length compared with other fatty acids. The combination of MCFA
and behenic in Caprenin results in a fat with a total caloric density of only
5 kcal/g. Caprenin was commercialized by Procter & Gamble as a cocoa
butter replacement, and was launched in two products (US Food and
Drug Administration, FDA, website). Unfortunately, the products are difﬁcult to heat due to their lower ﬂash point and they appear to increase
serum total cholesterol slightly, resulting in withdrawal from the market in
September 2000. Their primary use was as ﬂavor carriers for fat-free food
products.
Since then MCT have been used in formulated liquid diets and infant
formulas. They have been more recently introduced into various sports
nutritional supplements, including the Cognis functional ingredient
DELIOS® (Institute of Food Technologists News, 2005), Twinlab MCT Fuel,
Neobee MLT-B (Stepan Co. trademark) and Smart Basics MCT Oil. In
Japan, a structured lipid called Ollio – an oil containing MCFA and LCFA
on the same TG molecule, is currently marketed. Other functional foods can
also be mixed in with MCT, such as plant sterols in VivolaTM Oil (Forbes
Medi-Tech Inc. website). This VivolaTM Oil is composed of several different
oils including approximately 65% w/w of MCT, linoleic and linolenic acid,
and ReducolTM, which is a plant sterol mixture. Recently, Bunge Foods
launched a new functional oil called Delta OilTM which includes MCT mixed
with high-oleic canola oil and added plant sterols to maintain a healthy body
weight and reduce cholesterol. Future mixtures with other oils, such as diacylglycerols, should be considered for weight loss acceleration.
Fat-based fat-reduction ingredients have the same physical properties as
fat, including taste, texture, and mouth feel. These products include MCT,
which are highly versatile and can be used in a wide variety of foods. In
addition, MCT can be mixed with other functional foods to amplify effects
on weight loss or cardiovascular disease.
14.4.2 Optimal intake of medium-chain triglycerides
The recommended dietary allowance for healthy adults for MCT ranges
from 30 to 100 g/day, which would cover up to 40% of daily energy requirements. The ingestion of too large a dose of MCT, such as 85 g, or not enough
progressive incorporation into the diet may cause adverse symptoms in
healthy volunteers, including nausea, vomiting, bloating, emesis, gastrointestinal discomfort, abdominal cramps, and osmotic diarrhea (Hopman
et al., 1984). Temporary interruption or provision of a small initial dose
(i.e. half a tablespoon per day) may be necessary in order to avoid adverse
effects. Tolerance improves over time in most instances (Bach et al., 1996).
However, some individuals who consume MCT, especially on an empty
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stomach, experience abdominal cramps and bloating. The general acceptance of MCT consumed in mixed meals suggests that MCT are better tolerated with other nutrients, or that tolerance simply develops over time.
Daily consumption of MCT oil by humans is safe up to levels of 1 g/kg
of body weight (Traul et al., 2000). Studies in animals and humans have
shown MCT to be quite safe when consumed at a level of up to 50% of
total dietary fat (Traul et al., 2000; Nosaka et al., 2002). Since ketone bodies
are a product of MCT metabolism, the use of MCT oil by diabetics is
not recommended unless it is part of a medically supervised treatment.
Furthermore, MCT do not offer any advantages over conventional oil for
glycemic control. People with liver disease should not use MCT oil because
MCT are delivered rapidly to the liver and their presence would put additional stress on the liver. The maximum safe dosage of MCT in young children, pregnant or nursing women, or people with serious kidney disease has
not been established; however, MCT can be consumed safely in moderation
at levels of up to 10% of total fat intake. MCT supplements do not contain
any essential fatty acids, nevertheless this would not present a problem
unless MCT were the only source of fat in the diet. Different doses of MCT
have been added to a variety of formulas and oils, with quantities of MCT
ranging from 50 to 10% of structured oil.
As can be logically interpreted from the above data, MCT should be
included at every meal in order to increase EE maximally. However, it has
not been determined whether a large bolus of MCT has different effects on
EE and overall BMR as compared with a small, frequent intake. Furthermore,
the duration of intake is somewhat controversial in the literature since
short-term intake increases EE, but long-term intake seems to increase EE
to a less signiﬁcant level.
14.4.3

Cost and regulation of medium-chain triglycerides
in different countries
The marketplace provides a variety of MCT oils and structured lipids.
Although there has been success in structured fats, these developments
have come with considerable time and cost compared with simple MCT oil
mixtures. The development of structured lipids will focus on cost.
Regulations regarding MCT oils and structured lipids vary between
countries. Japan was the ﬁrst to regulate and implement programs for functional foods. MCFA were approved as FOSHU (Foods for Speciﬁc Health
Use) for health claims in the category of ‘neutral fats and body fats’. In the
United States, MCTs beneﬁt from the GRAS (Generally Recognized As
Safe) label provided for use by the FDA, conﬁrming the safety of MCTs in
human nutrition. In Canada, MCTs are allowed for use both as a food and
as an ingredient in foods. When sold as a food, the acceptable common
name is ‘Medium Chain Triglycerides’ and the abbreviation ‘MCT’ is not
acceptable (Canadian Food Inspection Agency Food Safety Directorate
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Bureau of Food Safety and Consumer Protection). However, claims about
the function, effects, or beneﬁts of MCT are not permitted in Canada. A
variety of functional foods, including MCT, are sold in Europe. Again in the
European Union, functional or health claims are the center of the problem
of regulation of functional foods since they are not yet authorized. At
present, Australia and New Zealand do not possess a comprehensive regulatory framework on health claims for functional foods. The competitive
marketplace and demand for new functional products appears to have
encouraged the food industry’s interest in obtaining government approval
for health claims – especially since companies have invested time and
money in the development of these products. However, most health claims
for MCT oils and structured lipids are still banned in many countries.
Overall, functional foods, including MCT oils and structured lipids, are
readily sold in markets worldwide. However, health claims are not allowed
until further proof of action on weight loss is generated.

14.5

Future trends

The present chapter reviewed the experimental and clinical evidence for
physiological effects of MCT on weight loss. The literature provides support
for the hypothesis that MCT oil increases EE and decreases body fat in the
majority of studies in both animals and humans. Furthermore, MCT may
have a greater effect in overweight subjects than in normal weight or obese
subjects. Short-term intakes of MCT oil have shown positive results for EE;
however, chronic intakes of MCT have shown diverse effects on EE, body
weight, and fat mass – probably due to metabolic adaptation. Therefore,
other practices should be introduced to attempt to escape metabolic adaptation to MCT oil; these practices may include exercise, dietary change, or
increased dose of MCT oil. Curbing appetite may play a bigger role in
weight loss than EE in long-term feedings of MCT. Satiety may be related
to increases in fat oxidation during MCT feeding; no speciﬁc hormones
have been identiﬁed for this mechanism. Future research should examine
the precise mechanism of satiety due to MCT oil. The exact areas of the
body that are affected by weight loss are still unknown and may vary in
different populations.
The food industry understands that fats and oils can be distinguished
from one another by the amounts and positions of fatty acids on the TG
molecule. However, the optimal ratio of MCT to LCT for beneﬁcial effects
on body composition and blood lipids needs to be researched. A variety of
MCT and structured oils are available on the worldwide market. However,
greater proof of action on weight loss without adverse effects on lipids is
required before strong claims can be made for these products. It will be
especially interesting to see the results of further research using MCT
blended with other functional foods such as n-3 fatty acids, plant sterols, as
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well as diacylglycerol oil, including the beneﬁts of these products for cardiovascular disease and obesity.
The optimal intake of MCT remains to be determined, but they can be
safely ingested as 50% of total fat intake. Consumption of low doses of
MCT has beneﬁcial effects on weight, but more research is needed to determine the exact beneﬁts. MCT should be consumed at every meal to have
the maximum PP thermogenesis; however, studies testing the effects on EE
of different frequencies of MCT intake have not been completed. MCT and
structured oils can be found with a variety of health claims on the markets
of all major countries. Nevertheless, there are still gaps to be ﬁlled by
research regarding the dosage and duration of intake of MCT in order to
have optimal weight loss effects. In conclusion, there is potential for MCT
and structured lipids to be incorporated in food ingredients in the diet that
may help prevent the obesity epidemic.

14.6

Sources of further information and advice

Sources of general information on MCT and structured lipids are listed
below.
•

Books:
gunstone f d (2001), Structured and Modified Lipids, Marcel Dekker,
New York.
gunstone f d (2004), The Chemistry of Oils and Fats: Sources,
Composition, Properties, and Uses, CRC Press, Boca Raton,
Florida.
gunstone f d and padley f b (1997), Lipid Technologies and Applications,
Marcel Dekker, New York.
• Review articles:
babayan v k (1987), ‘Medium-chain triglycerides and structured lipids’,
Lipids, 22, 417–420.
bach a c and babayan v k (1982), ‘Medium-chain triglycerides: an
update’, Am J Clin Nutr, 36, 950–962.
bach a c, ingenbleek y and frey a (1996), ‘The usefulness of dietary
medium-chain triglycerides in body weight control: fact or fancy?’, J
Lipid Res, 37, 708–726.
st-onge m p (2005), Dietary fats, teas, dairy, and nuts: potential functional
foods for weight control?, Am J Clin Nutr, 81, 7–15.
st-onge m p and jones p j (2002), ‘Physiological effects of medium-chain
triglycerides: potential agents in the prevention of obesity’, J Nutr,
132, 329–332.
• Website:
dean w and english j (2004), ‘Beneﬁcial Effects on Energy,
Atherosclerosis and Aging Medium Chain Triglycerides (MCT)’,
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Nutrition Review. Last accessed September 26th, 2005. http://www.
nutritionreview.org/library/mcts.html.
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Trans-free oils and fats
E. Flöter and G. van Duijn, Unilever Research and Development
Vlaardingen, The Netherlands

15.1

Introduction

The functionality of fats and oils in food products is twofold. These two
main, unfortunately contradicting, aspects are nutrition and physical structure – related to oils and fats (solids) respectively. The term oil implies
compositions essentially free of solid material at ambient temperature. Fats
in contrast are at least semi-solid lipid materials. The physical functionality
of fats is strongly related to the presence of saturated and trans fatty acids
(TFA). These types of fatty acids do not, except for the delivery of energy,
contribute much to the nutritional value of a food product. An often cited
paper in 1993 (Willet et al., 1993) is the starting point for the signiﬁcant
attention that the negative health effects of dietary TFA have received over
the last decade. As a result of subsequent studies and publications it is
widely agreed that a limitation of the intake of TFA is desirable. Fats high
in saturated and/or trans fatty acids are used to give structure to semi-solid
food emulsions like margarines, spreads and shortenings. In these emulsions
the other main components are oil and water. A reduction of the energy
content of such emulsions, for weight control, can be obtained by reducing
the total oil and fat content. In such an exercise, the remaining oils and fats
mixture should still be balanced for nutritional value (fatty acid composition) and should have sufﬁcient structure to maintain the physical properties of the product. This chapter discusses the structuring functionality of
different fat compositions with special attention to the role of TFA and
their possible elimination.
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15.1.1 The meaning of trans-free
In industrial practice there is practically no such thing as fat that is completely free of TFA. This is because fat compositions, except for in laboratory conditions, will almost always contain small amounts of TFA. They
evolve either from natural processes or are due to conﬁgurational changes
of the unsaturated bonds in fatty acids on exposure to elevated temperatures. However, these TFA are typically found at low levels, so their nutritional contribution can be neglected. This is not strictly true for ruminant
fat with TFA levels of several per cent. Consequently the term ‘virtually
trans free’ (VTF), implying levels of TFA of less than 1% in the fat phase
seems an appropriate description for products that contain no deliberately
generated or added TFA. The translation of the desire to restrict the consumption of TFA by legislators has so far resulted in quite divergent approaches. On the one hand, the Danish Veterinary and Food Administration
issued an order (Stender and Dyerberg, 2003) that limits the concentration
of TFA in fat phases of food products to a level below 2 weight per cent.
Naturally occurring TFA in animal fats and conjugated linoleic acid are
excluded from this restriction. On the other hand, the labeling of ‘0 g Trans’
in the United States as per 1 January 2006, according to the Food and Drug
Administration (Food and Drug Administration, 2003), is related to an
uptake of TFA of less than 0.5 g per serving of the food product. Here the
ofﬁcial deﬁnition of TFA reads ‘all unsaturated fatty acids that contain one
or more isolated double bonds in a trans conﬁguration’. The FDA also
excludes conjugated fatty acids from this deﬁnition. These quite divergent
deﬁnitions and regulations allow for different technical solutions to compliance requirements.

15.1.2 Functional benefits of trans fatty acids
In the early 1990s partially hydrogenated fats could be found in essentially
all fat applications that involved some kind of challenge to the fat composition. Partially hydrogenated fats were the most important and versatile
ingredient for fat technologists. In simple terms, this role was based on three
distinct properties: (1) the high chemical stability against oxidation of the
partially hydrogenated fats, corresponding to the signiﬁcantly reduced
levels of polyunsaturated fatty acids (PUFA) compared with native oils; (2)
the possibility of manipulating the melting proﬁle of fat compositions as a
function of the degree of hydrogenation; (3) partially hydrogenated fats
have favorable crystallization properties as they crystallize quickly and
effectively deliver structure to fat phases. An additional beneﬁt of the
application of partially hydrogenated fats is the fact that the ﬁnal fat functionality is more dependent on the hydrogenation process than on the
actual native starting fat. This feature creates a fair amount of raw material
ﬂexibility with its known beneﬁts – a phenomenon described as
‘interchangeability’.
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Mildly hydrogenated oils are preferred in frying applications because
their semi-liquid nature permits convenient handling while their chemical
composition, in particular the absence of linolenic acid (18 : 3), ensures longevity of the frying medium. The extremely steep melting behavior related
to high levels of TFA qualiﬁes partially hydrogenated fats as good cocoa
butter substitutes and coating fats. Compared with alternative fats with a
similar melting range, TFA-containing fats show a solidiﬁcation behavior
that is clearly superior in manufacturing processes under quiescent conditions (the term ‘quiescent’ indicates the absence of shear during crystallization). A number of other applications require long-term storage at ambient
temperatures. Examples are bouillon cubes, cookies and the like. In these
applications aspects such as chemical stability, crystallization behavior for
manufacturing and melting proﬁle are of key importance. While the ﬁrst
two aspects are self-evident, the melting proﬁle in these applications is
related to a compromise between the absence of solid fatty residue or
waxy mouthfeel when consumed and the integrity of the product over its
shelf life. For this type of commodity the storage conditions are in essence
not controlled and robust designs are necessary. Last but not least, the
application of partially hydrogenated fats in spread products such as margarine is highly favored by the ease of manufacturing and the good structuring and melting behavior. In this product area the substitution of TFA has
been widely achieved in Europe as the elimination process started in the
mid 1990s. Before starting a detailed product-speciﬁc discussion of the
conversion from partially hydrogenated fats to VTF fats it is necessary to
consider aspects such as crystallization behavior, product integrity or stability, and melting behavior explicitly. Detailed discussions on the different
aspects of chemical stability can be found elsewhere (Allen and Hamilton,
1994; Chan, 1987).

15.1.3 Crystallization behavior
To what extent a fat composition is suited to supply the necessary structure
in a certain product application depends on a combination of the structuring potential of the formulation and the manufacturing process. Without
reiterating the discussion of fat structures elsewhere (e.g. Marangoni et al.,
2006), a few basic comments on the structuring of fat phases must be made
here. In a ﬁrst rough approximation the structure or hardness of a semi-solid
fat mixture is proportional to the amount of solid fat present (de Bruijne
and Bot, 1999; Kloek, 1998). Taking a more reﬁned view without going into
any details, the number of continuous connections through the bulk of the
mass and the strength of these connections drive the bulk rheological properties. The ﬁrst aspect can be directly linked to the size and shape of the
crystals present in the system. The rule of thumb supports the line of
thought that smaller crystals are favorable. To get a comprehensive view of
crystal–crystal interaction is far more complicated. In cases where only
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secondary bonds are considered, one might assume that the van de Waals
adhesive forces between the various crystals are similar. They will, however,
be very different if primary bonds come into play. Primary bonds are related
to the so-called ‘sintering’. As the term suggests this is the formation of solid
bridges between the crystals of the primary network due to additional material crystallizing on the original fat crystal scaffolding (Johansson and
Bergenstahl, 1995a). The presence of primary bonds delivers much harder
structures but is accompanied by a dramatic increase in the brittleness of
the semi-solid material. For products that are meant to be plastic, these
primary bonds have to be avoided (Haighton, 1965). This is easily understood by appreciating that the slow relaxation of the sintered bonds involves
re-crystallization of the bridging material.
The solid state of fats is characterized by monotropic polymorphism;
polymorphism is the ability to appear in different forms. The different
crystal structures – α, β′ and β – relate to different molecular packing
arrangements. Each structure has its speciﬁc set of physical properties. The
term ‘monotropic’ indicates that for a given composition only one of the
three basic polymorphic forms is thermodynamically stable. More detailed
descriptions of the polymorphism of fats can be found elsewhere (e.g. Sato,
1999, 2001). According to the basic principles of thermodynamics the molecular composition of a fat deﬁnes how much solid material can at best exist
at any given temperature. If one ignores the fact that fats are complex
multi-component mixtures, composed of numerous triacylglycerols (TAGs),
knowledge of the physical properties for a given composition makes it possible to calculate the equilibrium solubility of each polymorph (Wesdorp,
1990). The solubility is straightforwardly – as usual this expression relates
to a cumbersome exercise – converted into the so-called ‘solid fat content’
(SFC) at any given temperature. Typically, fat compositions are characterized according to their SFC. A few typical SFC lines are shown in Fig. 15.1.
Owing to overriding kinetic inﬂuences, these are not a reﬂection of equilibrium states. The basic nature of the multi-component systems with possibly
multiple solid phases in combination with a complicated crystallization
behavior make the equilibration of these systems highly unlikely. The
various TAGs that are supersaturated with respect to the system’s temperature form multiple mixed crystals. How this process evolves is strongly
dependent on the actual crystallization conditions. The main parameters by
which to classify the process are: the supersaturation, the speed at which
the supersaturation is generated and the shear the system is exposed to
during the crystallization process. These parameters inﬂuence the essential
processes of crystallization, i.e. nucleation and growth. The ﬁnal size of the
resulting crystals is strongly related to the management of these two processes. In instances of abundant nucleation, a large number of small crystals
will evolve from the crystallization process. Nucleation increases with
increasing supersaturation, as does crystal growth. However, the polymorphism of fats complicates this picture. When substantial supersaturation is
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Fig. 15.1 Solid fat content versus temperature lines for selected fats: - - - -, partially
hydrogenated rapeseed oil (slip melting point, 32 ˚C); — — —, partially hydrogenated rapeseed oil (slip melting point, 36 ˚C); 䊉, interesteriﬁed fat based on palm
oil and palm kernel fat; 䉬, dry fractionated stearin of palm oil; 䉱, partially hydrogenated palm oil (slip melting point, 44 ˚C); 䊏, fully hydrogenated palm oil (slip
melting point, 58 ˚C).

applied the crystallizing material behaves according to Ostwald’s famous
rule of stages (Ostwald, 1897). This rule implies that a less-stable polymorph
appears as an intermediate state in the crystallization process. Obviously
this is subject to the necessary condition that this less-stable polymorph is
also supersaturated. Consequently, a high supersaturation crystallization
process takes place in the following order: supersaturated liquid → crystall
ization α → transition into β′ or β.
In light of the fact that cocoa butter has a fairly simple structure – only
three main TAGs account for 80% of the composition – and yet has six
polymorphic forms, the above scheme is only a ﬁrst approximation. The
initial crystallization of the α polymorph can be controlled by the cooling
process and occurs almost instantaneously once the solution is supersaturated with respect to the α form. In contrast to this, the solid-to-solid transition processes towards more stable polymorphic forms primarily depend
on the fat composition. In the process description above, it is referred to as
the β′ structure, as this more commonly persists over time in typical fat
mixtures. In pure TAGs the β structure is considered the most stable polymorph due to the better crystal packing, but the β′ form is often energetically more favorable for crystals containing many different TAGs. Even
though the crystallization process outlined above is more complicated
than a single-step process, it is preferably applied in industrial practice.
This is because this detour via the metastable crystal form is the fastest –
and sometimes the only – way to create solid fat in the preferred
ﬁnal polymorph. The main complication resulting from this process is the
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adjustment of the manufacturing processes to the kinetics of the polymorphic transition, which is primarily a function of fat composition. Depending
on the molecular composition of TAGs and also other minor components
such as partial glycerides, the time scale of the polymorphic transition can
vary between tens and thousands of seconds. To avoid the development of
primary bonds it is advisable to manufacture in such a way that the polymorphic transition is largely achieved before packaging of the product (Bot
et al., 2003).

15.1.4 Product stability
The stability or integrity of products always has to be seen in the light of
the challenge the product is potentially exposed to. For the fat-based products discussed here, the main challenge is typically the ﬂuctuation of the
storage temperature. Other minor challenges are of a mechanical nature
due to handling and transportation. Another driver for product disintegration is obviously gravity. As discussed above the products also have the
potential to change because they are not found in their true equilibrium
state. This is particularly true as fat crystal structures tend to change over
time even in the most controlled storage conditions. These changes are
mainly due to relaxation processes in the network and Ostwald ripening
(Bot and Pelan, 2000). Ostwald ripening describes the phenomenon where
large crystals actually grow larger at the expense of small crystals. This
process is driven by a difference in chemical potential that results from the
higher surface energy contribution in the small crystals. Additionally, a
typical industrial crystallization process, with high driving forces, results
mostly in kinetically frozen non-equilibrium states (Bot et al., 2003). This is
possible because the speed at which the mixed solid system approaches its
equilibrium state is extremely low.
At a macroscopic level there are principally ﬁve types of instabilities.
These are: changes in the product hardness; product clumping for
powders; oil exudation (meaning the separation of liquid oil out of the
semi-solid mass); coalescence of droplets or change of the even distribution
of the dispersed particles for emulsions and suspensions; and product
inhomogeneity.
The hardness of a product might increase or decrease through a temperature challenge but change also occurs under well-controlled storage
conditions. The reduction in hardness is accounted for by the coarsening of
crystals. This is stimulated by temperature ﬂuctuations since they involve a
change in solubility. At higher temperatures some of the original solid material dissolves into the liquid oil and is re-deposited onto the solid material
once the temperature is reduced again. Depending on whether the redeposited solid forms solid bridges on the original scaffolding or just induces
growth of the existing crystals, this process results in increased or reduced
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hardness respectively. Furthermore, either parts of or the whole crystal
structure can undergo a polymorphic transition. This is either accompanied
by a steep loss of product hardness or, in cases of a distinct segregation of
speciﬁc TAGs into a certain conformation, by the occurrence of large crystals or distinct crystal agglomerates. A well-known example of this is the
development of tropical graininess related to the separate crystallization of
TAGs of the palmitic–oleic–palmitic type (Watanabe, 1992) derived from
palm oil or its fractions in spherulitic crystals. The diameter of these particles can be as big as 2 mm. Another problem is the so-called ‘sandiness’
caused by large needle-like crystals that evolve from re-crystallization of
TAGs made up from stearic and elaidic acid. The resulting particles are
truly a product defect because their sizes are clearly above the threshold of
oral perception, approximately 30 microns.
The process of clumping together of particles of a free-ﬂowing powder
is clearly related to temperature ﬂuctuations. Adjacent particles partially
melt and become greasy at elevated temperatures, forming a joint liquid
layer. On cooling, this joint layer reverts to a solid or semi-solid structure
gluing the particles together. Through this process a free-ﬂowing powder
can be easily converted into a solid brick.
The three other defects are strongly related to the coarsening of the
crystalline network. The capacity of the fat crystal network to hold oil is
based on capillary forces and adhesion similar to the function of a sponge.
Smaller crystals generate much more surface and thus a ﬁner sponge. On
coarsening, it is less capable of holding oil. In most fat-based water-in-oil
emulsion products, the main mechanism to stabilize the oil–water interface
is Pickering stabilization (Pickering, 1907). This means that solid particles,
in our case fat crystals, wet and cover the oil–water interface and thus
prevent the coalescence of the water droplets (Johansson and Bergenstahl,
1995b; Johansson et al., 1995a, 1995b; Rousseau et al., 2003). Upon either
crystal coarsening or depletion of the crystals due to higher temperatures
the protective coverage of the interface might become incomplete or crystals start bridging the individual droplets and thus permit coalescence. This
becomes a macroscopical problem only when excessive coalescence changes
the product appearance. However, relatively limited progression of coalescence might also have detrimental effects on product quality. This is so
because small droplets of diameters below 7 µm suppress microbiological
growth through conﬁnement (Verrips and Zaalberg, 1980; Verrips et al.,
1980). At larger droplet sizes, microbiological stability can usually only be
ensured by use of preservatives such as potassium sorbate. Consequently,
the microbiological stability of emulsion products free of preservatives
relies on the maintenance of the small droplets.
Lastly, inhomogeneous distribution of solid material is most likely to
occur in systems that are best described as viscous liquids. Here also the
coarsening or partial dissolution of the fat crystal network is the main cause
of the defective distribution of the particles. In such cases the fat scaffolding
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turns out not to be strong enough to immobilize the dispersed phase. This
can yield either sedimentation or creaming of the dispersed phase.

15.1.5 Mouthfeel
The mouthfeel of a product is a multidimensional oral sensation. The main
aspects of the mouthfeel are the structure breakdown on mastication, the
release of ﬂavor as a function of emulsion break-up, the cooling effect due
to melting and, preferentially, the absence of waxy aftertaste due to high
melting material. The fat crystals present directly inﬂuence these properties
to a great extent. On mastication and heating the fat crystals start to melt
and to dissolve. Intense mixing with saliva helps the heat transfer and also
the dissolution. Additionally, kneading further improves heat transfer and
softens the product, as fat crystal networks are sensitive to shear. The effects
that the fat crystals have on the oral sensation are consequently mainly
linked to SFC and crystal size. The cooling effect of a disintegrating product
depends on how much solid material is actually melting in the mouth. This
correlates to the steepness of the SFC curve in the temperature range from
20 to 34 ˚C. This sensation is modulated by the speed of product disintegration, which depends on the heat transfer and shear, and also on the crystal
size. Smaller crystals melt or dissolve much more quickly than bigger ones.
The liberation of ﬂavors from an emulsiﬁed water phase happens upon
product inversion (Bot and Pelan, 2000; de Bruijn and Bot, 1999, de Bruijn
et al., 1993); this means during the emulsion breakdown induced by insufﬁcient stabilization of the droplets by fat crystals (see Section 15.1.4). Finally
if the amount of fatty material that remains solid in the mouth is too
high, a few per cent, there is a risk that instead of the desirable lubrication,
combined with beneﬁcial ﬂavor perception enhancement, a waxy sensation
persists. TAGs melting above 50 ˚C are typically associated with this
phenomenon.

15.2

Requirements for trans-free fat compositions

There are two main requirements with respect to trans-free fat compositions: on the one hand the functional speciﬁcation relating to the actual
product application; on the other hand even though the TFA are eliminated,
the formulation should not compromise the overall nutritional value of the
composition. Furthermore one has to take into account that, for the successful elimination of TFA, time is also an important parameter. Immediate
solutions can not afford to be registered as novel foods or suffer from long
clearance procedures. Lastly, it is not very likely that the consumer will be
willing to pay a premium for TFA-free products because the elimination of
TFA is not an additional beneﬁt but more a correction of the status quo
driven by general consensus.
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15.2.1 Functional requirements for successful trans fatty
acid elimination
Every approach to substitute another fat for trans-containing partially
hydrogenated fats in product applications is doomed to fail if one tries only
to match the properties of the fat. With such a substitution only a limited
set of the physical properties can be matched. Consequently the substitution process has to be based on a deep understanding of the application at
hand. Consideration should also be given to how far it is acceptable that
the change in fat composition is accompanied by a perceivable change of
the product.
Starting from the simple end, chemical stability is based mainly on the
absence of PUFA. Therefore alternative high stability oils, as used in frying
applications, should also have a limited amount of PUFA. Another condition related to chemical deterioration is related to products containing
enzymes, such as those present in herb preparations. Products containing
herbs and signiﬁcant amounts of medium-chain fatty acids such as lauric or
myristic acid tend to develop a soapy taste over time through lipolysis.
In applications that rely on partially hydrogenated fats for structure,
three aspects of the TFA are key to their success. These are the excellent
crystallization behavior, the steep melting proﬁle and the reliable formation
of small crystals with the consequent high structuring effectiveness of the
solid material. Consequently, successful substitutes will in the ﬁrst place
need to form small crystals to maintain product structure and stability. For
manufacturing processes under more or less quiescent conditions with relatively low supersaturation, as for example found for bouillon cubes, it is
necessary that the crystallization from a slurry to a solid mass proceeds in
a comparable timeframe to the TFA-containing reference. Crispness and
form stability of the product and the absence of stickiness are important
attributes in the further manufacturing or packing of products.
Manufacturing processes with high supersaturation and high shear are
related to high throughput and intrinsically to polymorphic transitions.
These applications, such as spreads, necessitate that the substituting fat
undergoes the polymorphic transition quickly. TFA containing fats undergo
the polymorphic transition very quickly, often in less than 100 s. As the
throughput of the manufacturing process scales inversely with the transition
time, unless the hardware conﬁguration of the manufacturing equipment is
changed, dramatic increases of the transition time are prohibitive. As the
ﬁnal consumer remains king, obviously no substitution scenarios should
yield a deterioration of properties perceived by the consumer, such as
mouthfeel.

15.2.2 Nutritional constraints
Next to the functional and cost restrictions in the substitution of partially
hydrogenated fats, a few other aspects have to be taken into account. TFA
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are considered to have more adverse effects on health than saturated fats
(SFA). However, it is not desirable that the elimination of TFA results in
ﬁnal fat compositions with levels of saturated fats that are substantially
higher than the original combined levels of TFA and SFA. It should also be
mentioned that consumer understanding about TFA is limited and that
therefore the discrimination between partially hydrogenated fats, high-trans
and fully hydrogenated fats, and virtually zero trans, is blurred. An illustration of this is readily available via an Internet search on ‘trans fatty acids’
status in spring 2005.

15.3

Production of trans-free fats and their application

The main tools that we ﬁnd at our disposal for the fabrication of
suitable fats for the substitution of partially hydrogenated fats are:
hydrogenation, preferentially executed to iodine values close to zero;
chemical or enzymatic interesteriﬁcation; fractionation; and the search for
new raw materials, possibly executed via modern plant breeding (e.g.
Bockisch, 1993).

15.3.1 Full hydrogenation
A very low maximum TFA level can only be achieved by either no hydrogenation or by full hydrogenation. Full hydrogenation delivers fats with
very high SFC levels. Tropical oils and fats are in their natural state already
relatively saturated and therefore high in solids. They might be subjected
to fractionation, see Section 15.3.3, in order to further increase their level
of SFA. These two sources of concentrated SFA, hydrogenated fats or tropical fats, form the starting point for the manufacture of hardstocks, the
structuring fats in a fat composition, by interesteriﬁcation. Liquid oils
contain hardly any solids. Therefore use of interesteriﬁcation and/or fractionation alone as a means of reducing TFA in food compositions based on
liquid oils used for hardstock production is not an option. Use of full hydrogenation is an option to generate a starting fat that is rich in SFA. As fully
hydrogenated fats are, for reasons discussed above (melting proﬁle and
mouthfeel), only suited to a limited number of applications they are normally subject to further oil modiﬁcation.
Factory-scale hydrogenation processes under normal conditions do not
achieve complete saturation of all double bonds. Thus, the residual iodine
value (IV) of a fully hydrogenated product is normally around 1–2. The IV
is a measure of the degree of unsaturation of an oil or a fat, it gives the
amount of iodine (in grams) that reacts with 100 g of oil or fat. A residual
IV of 1 corresponds to 1.15% remaining monounsaturated fatty acids
in the fat composition. For ‘fully hydrogenated’ fats (IV = 1–2), the thermodynamic equilibrium ratio between the cis and trans conﬁguration of
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unsaturated fatty acids is reached (28/72). Combining these two pieces of
evidence one ﬁnds that each IV point of the fully hydrogenated fat corresponds to 0.85% TFA. To obtain a product with a trans level below 1.25%,
the hydrogenation should be continued until an IV below 1.5 is reached
(the ‘practical’ speciﬁcation of a fully hydrogenated product).

15.3.2 Interesterification
Interesteriﬁcation permits a rearrangement or redistribution of the fatty
acids on the glycerol backbone of the TAG molecules. Interesteriﬁcation is
promoted by an alkaline catalyst or by lipase. The most commonly used
alkaline catalysts are sodium methylate and sodium ethylate. The mechanism of interesteriﬁcation is described in detail in the literature (Rozendaal
and Macrae, 1997). Alkaline-catalysed reactions produce a mixture of TAGs
where the fatty acids are distributed randomly over all three positions of
all TAG molecules.
In contrast to chemical interesteriﬁcation, lipase catalysed reactions are
more gentle. They proceed slowly and at lower temperatures. Temperature
limitations are, for example, dictated by the thermal stability of the enzyme
used. When applied to high-melting fats, for example, this can be a source
of viscosity-related problems. For most enzymes used in fat technology, less
than a handful beyond academic applications, only the two terminal positions of the glycerol backbone are randomized. The selectivity of the
enzymes in many cases is not only limited to the conﬁguration of the
TAG but also to certain fatty acids. These are thus converted at speciﬁc
reaction rates. Key parameters in the operation of enzyme-catalyzed rearrangement, an industrial application still in an infant state, are
water activity, raw material pre-treatment and enzyme utilization. Since
the process proceeds at a much lower rate than the chemical interesteriﬁcation, it allows an abundance of different fat phases to be created from a
given starting mixture. This is so because the process can, through variation
of contact time, be managed such that only partial randomization is
achieved.
The alkaline (sodium (m)ethylate)-catalysed reaction takes place in prereﬁned oil (low in water and in free fatty acids) at elevated temperatures
(100–110 ˚C). The reaction is very fast; full randomization is reached within
a few minutes even in factory-scale vessels (10–40 tons oil content). After
the reaction, the catalyst is deactivated by water addition; sodium hydroxide
and (m)ethyl esters will be formed. Sodium hydroxide will react with fatty
acids and oil to form soap, which is subsequently removed by water washing
and decanting. (M)ethyl esters are more volatile than TAG molecules and
are removed during standard downstream processing, i.e. high-temperature
deodorization.
The modiﬁcation of the fatty acid distribution of the TAG molecules by
interesteriﬁcation will in general lead to a modiﬁcation of the solid phase
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line, resulting in a change in the crystallization behavior. This is particularly
true because typically a mixture of fats and/or oils with different SFC proﬁles is subjected to this process.

15.3.3 Fractionation
Fractionation is a process that separates a fat phase into two phases according to the crystallization behavior of its molecular species. This slow, well
controlled crystallization process aims at the manufacture of preferentially
large crystals to be separated from the surrounding mother liquor. The
resulting high-melting fraction, solid crystals plus liquid entrapment after
ﬁltration, is referred to as stearin. The remaining liquid fraction, with the
same composition as the entrapment, is called olein. It is easily appreciated
that unless additional solvent is added to the system (solvent fractionation)
only a limited amount of solid material, typically less than 25%, can be
separated out of a fat composition.
By far the most important oil fractionated worldwide is palm oil; the
main reason being the demand for clear liquid oil (palm olein). More
recently there has been a growing interest in the solid product of palm oil
fractionation (palm stearin), for production of cocoa butter equivalents,
cocoa butter replacers and margarine hardstocks. Besides palm oil, palm
kernel oil, partly hydrogenated liquid oils, cottonseed oil and milk fat are
also fractionated.
The fractionation process consists of the following steps:
1
2
3
4

Crystal nucleation.
Crystal growth.
Crystal slurry ﬁltration.
Filter cake squeezing/pressing.

There are two deﬁned forms of nucleation: primary and secondary. Primary
nuclei are formed when oil is supersaturated or under-cooled; this is the
driving force of the fractionation process. Secondary nucleation is the result
of ‘mechanical’ attrition of existing crystals. The presence or addition of
secondary crystals shortens the induction time necessary for primary nucleation and can initiate a better-controlled crystal growth regime. The aim for
fractionation is to grow large, dense crystal agglomerates that can easily be
separated from the liquid oil. The level of supersaturation and the presence
of growth nuclei essentially drive crystal growth. Crystal slurry is made up
of potentially fragile crystal agglomerates. This slurry must not experience
high shear stresses during the transfer to the ﬁlter and inside the ﬁlter. The
ﬁltration characteristics of the slurry depend on size of the crystal agglomerates, the separation efﬁciency of the slurry and the solid phase content. Most
modern fractionation plants use membrane ﬁlter presses. These enable the
ﬁlter cake, produced by simple ﬁltration, to be squeezed to both increase
the yield of olein and produce a harder stearin.
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The combination of process conditions inﬂuencing these fractionation
steps determines the characteristics and yield of both the olein and stearin.
The most important parameters for solid fat production are:
•
•
•
•

the
the
the
the

type and quality of the feedstock;
crystallization temperature;
type and size of the crystals;
efﬁciency of the separation process.

15.3.4 Trans-free fat production
Full hydrogenation offers a simple answer to the search for chemically
stable fatty materials, as required for example in frying applications.
However, replacing a trans-containing viscous liquid with a solid block of
fully hydrogenated fat for frying applications might not be agreeable; particularly because fully hydrogenated oils have slip melting points above
65 ˚C and would quickly generate a solid fat layer around fried goods. In
the recent past there has been a lot of activity from oil suppliers associated
with the launch of new trans-free oils. In 2004, Dow AgroSciences, Bunge
and DuPont all launched their various brands of zero- or low-trans oils, with
Cargill and Bayer CropScience joining in 2005. Most of these oils are supposed to be an answer to the limited chemical stability of conventional oils
as these new oils are high-oleic (low-linoleic) fatty acid variants of soybean,
canola or other seed oils. The new traits have been developed by conventional breeding or by genetic modiﬁcation techniques. Alternatively, one
could attempt the procurement of more stable oils through fractionation
of, for example, palm oil. In doing so, however, it has to be noted that even
a double-fractionated palm olein is relatively rich in SFA, approximately
30%, as this is just the nature of the TAGs present in palm oil; it contains
a large fraction of palmitic–oleic–oleic acid-based TAGs.
For applications that rely on the structuring function of TFA-containing
TAGs, the substitution can be much more difﬁcult. While in the applications
focusing on chemical stability the absence of PUFA is the key objective,
here speciﬁc TAGs that truly functionally substitute for the TFA-containing
TAGs have to be identiﬁed. This means that, depending on the speciﬁc
application, tailor-made solutions have to be sought. Applications of fats
where high temperature stability and manufacturability are key can be
served by fat compositions rich in fully saturated TAGs. These are most
easily generated by full hydrogenation, producing a fat composition rich in
stearic acid. If, for reasons of consumer preference, hydrogenation has to
be avoided then stearin fractions of palm oil also offer the starting point
for compositions rich in fully saturated TAGs. Either wet (solventsupported) fractionation or multiple-step dry fractionation deliver palm
stearins with levels of SFA of more than 80%. Both routes outlined above
create fat compositions rich in only a single TAG, typically tristearin in fully
hydrogenated seed oils and tripalmitin in palm stearin. This may not deliver
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the functionality of mixed crystals, which tend to be small. To this end, one
could either just mix these fats or subject them conjointly to an interesteriﬁcation process. If the melting behavior of a fat composition is important
not only for the stability and integrity of a product, but also for the mouthfeel or deposition behavior, then the fat has to satisfy a much narrower
speciﬁcation. Fully saturated TAGs based solely on palmitic or stearic acid
have to be used in very limited amounts on such occasions. The steep
melting of partially hydrogenated fats and their good mouthfeel are based
on the physical properties of TAGs containing both stearic acid and elaidic
acid. These yield a range of individual TAG melting points well above body
temperature but below 60 ˚C. Nature delivers TAGs with melting points in
this range very sparingly. These glycerol esters are composed of two saturated and one unsaturated fatty acid with the fatty acids typically arranged
in a symmetric fashion (SUS: saturated–unsaturated–saturated). They can
be found in, for example, cocoa butter, well appreciated for its melting
behavior, and a range of other exotic fats, such as sal fat, kokum fat, shea
nut oil, mango kernel oil and obviously also palm oil. A signiﬁcantly
increased use of palm oil and palm oil fractions is already anticipated by
oil suppliers as they currently enlarge their production capacities. An alternative way to manufacture a fat composition rich in SUS- and SSU-TAGs
is currently promoted by ADM and Novozymes. One of their enzymatically
interesteriﬁed hardstocks is based on fully hydrogenated soybean oil and
native soybean oil. This is particularly interesting for the United States
because of the relatively low acceptance of palm oil. Besides this approach
there have been numerous attempts to develop seed oils with elevated
levels of stearic acid, rich in SUS-TAGs, none of which has yet generated a
fat that is available on an industrial scale.
The SUS-TAGs unfortunately have a melting point very close to body
temperature and typically show a complicated and slow crystallization behavior. The relatively low melting point of SUS-TAGs necessitates that, for elevated temperature structuring, high levels of these TAG are present. The two
features mentioned, in combination with their price and limited availability,
make these TAG less suited for robust commodity applications.
Alternatively, TAGs composed of saturated medium-chain and longchain fatty acids also melt in the desired intermediate temperature range
(see also Garti and Sato, 1988). Unfortunately these do not exist naturally.
They can be fabricated by esteriﬁcation of a mixture of fats containing
adequate amounts of long-chain SFA, derived from palm oil from full
hydrogenation, and medium-chain fatty acids present in palm kernel
or coconut fat. Since interesteriﬁcation always delivers a statistical mix of
triglycerides in accordance with the starting fatty acid mixture, the concentration of the targeted, high-melting (HM) TAGs, of di-long-chain, monomedium-chain fatty acids is always limited.
Alternatively, similar high melting fats with good crystallization properties can be fabricated by full hydrogenation of palm kernel fat. To further
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optimize the characteristics of this fat, highly suitable for coating and other
cocoa-butter-like applications, it is often subsequently interesteriﬁed to
randomize the distribution of its fatty acids. In spite of the suggestion that
interesteriﬁed fully hydrogenated palm kernel fat is a good alternative for
partially hydrogenated fats, its application in other products remains limited
due its price and its interaction with enzymes.
For the replacement of partially hydrogenated fats in spreads and similar
applications other constraints apply. In the ﬁrst place, modern spreads, soft
tub products, are typically designed to deliver high amounts of healthy
liquid oils. This implies that the structuring fat, in general referred to as
hardstock, is used in limited quantities. Similar fats as discussed above
qualify for use in spreads. As already outlined, for manufacturing processes
under high supersaturation, the kinetics of the polymorphic transition is of
prime importance. It turns out that fat rich in TAGs composed of mediumand long-chain SFA (HM-TAG) actually have short transition times.
Furthermore, this type of TAG, possibly driven by the fairly complex packing at the molecular level into the crystal lattice, produce smaller crystals
than for example fully saturated long-chain fatty acid-based TAGs. This
makes the mixed saturated TAGs particularly suitable candidates for the
substitution of partially hydrogenated fats. It has to be noted here that, in
this substitution, the melting proﬁle of the products will also change according to the illustration in Fig. 15.1. Interesteriﬁed fats yield relatively straight
SFC versus temperature lines that can be manipulated by the composition
of the interesteriﬁcation mixture. With straightforward application of interesteriﬁed fats, the limits of a high SFC at 20 ˚C in combination with very
low SFC levels at 35 ˚C are quickly reached. In order to create signiﬁcantly
steeper SFC lines, either TAGs of the SUS type or HM-TAG levels have to
be optimized in the formulation. This can be achieved by combination of
different hardstocks. However, in mixing, for example, an HM-TAG hardstock with cocoa butter fat, economically not very attractive for spreads,
one can ﬁnd that instead of a synergistic beneﬁt quite the opposite occurs.
At certain mixing ratios, immiscibility of the TAG in the solid phase occurs
and both SFC and structuring potential actually drop. This illustrates that
the mixing behavior of the TAGs, which can be inﬂuenced by the processing
conditions, is a key element in the design of functional fat compositions. In
the attempt to fabricate highly functional hardstocks, fractionation plays an
important role. There are two possible applications of fractionation: it can
be applied either pre- or post-interesteriﬁcation. The economics of the
application of fractionation depend heavily on the value and usage of the
secondary fraction evolving from the separation process. For example, to
increase the concentration of HM-TAG in a fat, one could improve the yield
of the interesteriﬁcation with respect to the HM-TAG concentration by
optimizing the fatty acid composition of the starting materials towards twothirds of stearic plus palmitic acid mixed with one-third of lauric acid. The
elimination of unsaturated fatty acids from the interesteriﬁcation mixture

Trans-free oils and fats

341

can be achieved by utilization of fully hydrogenated starting materials.
However, for non-hydrogenated fat compositions, fractionation of the starting materials is the only tool available to move in this direction. The abundant use of palm stearin in interesteriﬁcations, which due to the good
market value of palm olein is economically attractive, is the most prominent
example of this process. Again this supports the installation of increased
palm oil manufacturing capacities as mentioned before. Higher yields of
functional TAGs in the hardstock fats can be achieved by fractionation
applied after interesteriﬁcation. However, there are two downsides to this
manufacturing approach. First, the TAGs one wants to concentrate are
characterized by mixed crystal formation with relatively small crystal sizes.
This feature obviously has adverse effects on the smooth execution of the
fractionation process, as the separation of the stearin and the olein fractions
will be negatively affected. Remedies to this drawback can either be the
use of solvent fractionation, with signiﬁcant cost implications, or redesign
of the process. Secondly, the by-product from post-fractionation processes
is less likely to be of high value, hence possibly creating prohibitive cost for
the overall application. In general it is fair to conclude that post-fractionation of hardstock fats is considered a last resort in the substitution of partially hydrogenated fats as it will add substantial cost. However, for other
high-value applications, the process discussed might very well be suitable.

15.4

Implementation of trans-free fats in manufacturing
and the supply chain

The nature of the successful replacement of partially hydrogenated fats, as
outlined above, yields a number of speciﬁc solutions to speciﬁc product
applications. The identiﬁcation of the respective best set of solutions for a
manufacturer is more complicated. On implementing a technical solution,
the balance between utilization of a special fat composition, re-design of
the manufacturing process and complexity of the supply chain – more raw
materials on-site – has to be found. All three factors are related to additional costs. Consequently, they should all be subject to optimization after
initial trans-free solutions are established. The complexity of a new transfree raw material portfolio could be a ‘show stopper’ in cases where layout
and tank capacity of a manufacturing site do not allow implementation.
Either investment in hardware or preferentially harmonization of raw
materials can overcome this impasse. This harmonization of trans-free raw
materials needs to involve process optimization and the re-evaluation of
product speciﬁcations. In retrospective consideration of the elimination of
trans-fatty acids in practically all European spreads, one ﬁnds that actually
the industry as a whole has undergone such a process of harmonization
towards an optimal raw material base. Subsequent to the original elimination of TFA in the mid 1990s, initial solutions have been further optimized.
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Products have slowly changed and it turns out that ﬁnally a wide range of
products use a limited set of structuring fats. This industry-wide optimization process has obviously also been helped by the consolidation of the oil
and fat suppliers.

15.5

Future trends

Future developments with respect to the elimination of TFA will depend to
a great extent on non-technical issues. The choice of the legal framework can
drive the evolution of technology. The Danish legislation practically
bans partially hydrogenated fats from food. In contrast to this, the FDA
endorsed the limitation of uptake of TFA per serving, which can in
some instances be met with lower fat products still based on partially hydrogenated fats. Finally, consumer preference will decide what product
technology will prevail, for example whether consumers accept full hydrogenation or not. The power of consumer preference is documented in the
fact that canola oil is well appreciated as a very healthy oil in Scandinavia
but is practically unsaleable in Spain because of its unhealthy image, due
to a malpractice involving canola oil in 1981. Similarly, Europeans use a vast
amount of products based on palm oil, which is only sparingly found in US
products.
The main future technology developments relevant to TFA elimination,
beyond those already mentioned, are the increased use of non-TAG structuring. This is already advocated by ingredient suppliers and is the subject
of numerous research projects. However, these mainly emulsiﬁer-based
structuring techniques have not yet found widespread application. This is
because, among other reasons, the known systems such as those based on
monoglycerides or combinations of fatty acids and fatty alcohols are not
suited for emulsion systems.

15.6

Conclusions

The replacement of partially hydrogenated fats – with their role in aerating,
emulsifying, lubricating and providing texture, structure and ﬂavor characteristics to food products – is a challenge for food developers. Due to the
versatility and robustness of partially hydrogenated fats their substitution
is strongly application speciﬁc. An understanding of the speciﬁc application
of partially hydrogenated fats and the resulting functional speciﬁcations of
alternative fats is a necessary pre-requisite for a successful substitution. This
process eliminates some historical speciﬁcations and could result in a change
in technological paradigms. Local consumer preference and legal frameworks have a strong inﬂuence on technology evolution with respect to the
trans-free challenge. Finally, in the short term, technological solutions are
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likely to be based on the smart combination of conventional oil modiﬁcation techniques.

15.7
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