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Preface
Within the last decade the interest in lipases has increased dramatically, and no
doubt, this interest will be maintained in the future. Novel and powerful tools of
molecular biology, crystallography, NMR technology and molecular modeling will
continue to reveal new amino acid sequences and three-dimensional structures of lipases. In addition, transgenic and knockout animal models as well as the use of specific inhibitors will add knowledge about their mode of interaction with lipid substrates, cleavage mechanism and physiological roles in humans.
After having clarified many basic aspects of lipolysis (i.e. structure, function and
regulation of lipases and their catalytic mechanism) the focus will shift to the pathophysiological role of lipases in metabolic diseases and will result in strategies for
pharmacological intervention.
The common interest of academic and industrial pharmaceutical research is based
on the search for selective small molecule modulators of lipase activity for the development of drugs suited to the therapy of diabetes, atherosclerosis, obesity and for in
depth analysis of the underlying molecular defects in nutritional signaling by lipolytic cleavage products.
The discovery of appropriate starting points for the development of potent and
specific inhibitors is still a challenge. In addition to the usual problems of low abundance and purity that enzymologists and structural biologists are generally faced
with, lipases present a unique additional difficulty. Unlike other hydrolytic enzymes,
e.g. esterases or proteases, the substrates hydrolyzed by lipases are insoluble in
water and therefore must be efficiently presented to the enzyme in a separate lipidic
phase. The presence of a suitable second phase apparently leads to increased lipase
activity and may effect subtle but critical changes to the enzyme’s three-dimensional
structure.
This biphasic substrate recognition represents something like the unifying theme
present in all the contributions.
With the help of an international authorship, we have attempted to cover major
aspects of lipase research, from genomics to drug discovery via validation of targets,
structural biology, rational drug design, and drug–lipase interaction.
We are convinced that this book will be a valuable compendium for researchers already engaged in this fascinating field and will motivate talented young scientists to
enter it.
Frankfurt, November 2003

Günter Müller
Stefan Petry
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Palligarnai T. Vasudevan

Abbreviations

a
Cm
Cf
Cs
0
Cm
Cs0
C 0m
0
Cs
CD
Dm
Ds
D?
k
Keq
L
mn
N
Nus
Num
Pe
R
r0
Re
S
Sh
Sc

hydrodynamic radius of the solute (m)
mobile phase concentration (mol l–1)
feed concentration (mol l–1)
stationary phase concentration (mol l–1)
normalized mobile phase concentration
normalized stationary phase concentration
normalized mobile phase concentration in the Laplace domain
normalized stationary phase concentration in the Laplace domain
drag coefficient
dispersion coefficient, m2 s–1
diffusion coefficient in the stationary phase, m2 s–1
bulk diffusivity, m2 s–1
mass transfer coefficient, m s–1
equilibrium partition coefficient
length of the column, m
nth moment about the origin
Avogadro number
Nusselt number in the stationary phase
Nusselt number in the mobile phase
Peclet number
particle size, m
pore radius, m
Reynolds number
Particle surface area per unit column volume, m–1
Sherwood number
Schmidt number

Greek letters
b internal porosity
e external porosity
m kinematic viscosity, m2 s–1
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hf
x
l
l0n
ln

feed angle (deg)
rotation rate (deg h–1)
viscosity of the solvent, kg m–1 s–1
nth normalized moment
nth moment about the mean

1.1

Introduction

Lipases (EC 3.1.1.3) find wide use, ranging from the food industry, e.g. in cheese
making, to manufacturing, where they can act as catalysts of high specificity and
selectivity. Research has focused on the purification and the characterization of lipases from sources as diverse as the unicellular Pseudomonas putida to cod (Gadus
morhua). Aires-Barros et al. [1] have reviewed the isolation and purification of lipases, mainly from microbial and mammalian sources, while different purification techniques have been reviewed by Palekar et al. [2].

1.2

Pre-purification Steps

Lipases obtained from different sources are usually subjected to certain pre-purification steps before they are purified further. Typically, this is a one-step procedure
involving precipitation by saturation with an ammonium sulfate [(NH4)2SO4] solution. The lipase is thus separated from the extract solution. It can then be subjected to more specific purification steps. In some cases [3–9], the solution is concentrated by ultrafiltration to reduce the volume of the solution, and is then subjected to ammonium sulfate precipitation. The increase in lipase activity depends
on the concentration of the ammonium sulfate solution used. Pabai et al. [10]
demonstrated that the maximum increase in lipase activity occurred between 20–
40% of saturation, with a 19-fold increase in purification level. Ammonium sulfate precipitation can be combined with other purification steps such as acid precipitation.
Other pre-purification steps are summarized in Tab. 1.1 (note that the purification factors are typical values, and where the range cannot be established, end-values are reported). Despite the wide range of lipase sources used, the purification
levels obtained from any one pre-purification protocol (for example, ammonium
sulfate precipitation) remain within a certain range.

1.3 Chromatographic Steps
Tab. 1.1 Summary of the pre-purification steps used and the purification levels typically at-

tained.
No
1
2
3

Technique used

X-fold increase

Reference

Source

Ammonium sulfate
precipitation
Ultrafiltration

2
(range: 2–4)
1.1
(range: 1–2)
12

11
5

Human Pancreatic Lipase in
V79 Chinese hamster lung cells
Pseudomonas putida 3SK

8

Serratia marcescens Sr41 8000

12
13

Manduca sexta
Bacillus thermocatenulatus
(DSM 730)
Human Hepatic Lysosomal
Acid Lipase
Bacillus sp.
Pseudomonas nov. sp. 109
Aspergillus niger
Penicillium camembertii U-150
Aspergillus niger
Pseudomonas fragi CRDA 323
Pseudomonas sp. KWI-56
Rape (Brassica napus) seedling

6

Ultrafiltration and ammonium sulfate precipitation
PEG suspension
2.3
Hexanol extraction and
2.3
Methanol precipitation
Triton X-100 extraction
35

7
8
9

Acrinol treatment
Isoelectric focusing
Alcohol treatment

4
5

10

Acid treatment

11

Acetone precipitation

50
7
1.1
10
1.8
6.2
2.1
7.1

14
15
16
17
18
17
10
19
20

1.3

Chromatographic Steps

Most biological materials constitute themselves into a clear or a nearly clear solution for direct application to chromatographic columns after centrifugation or filtration. Almost all purification protocols use chromatographic steps after the prepurification steps. Normally, a single chromatographic step is not sufficient to obtain the required level of purity. Hence, a combination of chromatographic steps
is required. As a rule of thumb, to get a lipase of high purity, as measured by the
level of purification (purification fold) and loss of activity (specific activity), at least
four chromatographic steps are needed.
One might expect the order in which chromatographic steps are applied in a lipase
purification protocol to be of minor importance. However, the actual situation is far
from ideal. For example, a gel filtration step might be optimized to give extremely high
levels of purity for the selected protein but only at the cost of time and sample volume.
Likewise the selection of affinity chromatography as the first step would result in an
extremely high purification factor. However, the cost of the adsorbent makes the use of
smaller columns and repeated injections mandatory. Hence, the required process
time and the possibility of product loss with/without structural modifications increase. Consequently, there are several practical rather than theoretical reasons
why one should choose certain chromatographic techniques for the early steps
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and others for the final steps of a protein purification process. The choice is primarily
governed by (1) the sample volume, (2) the protein concentration and viscosity of the
sample, (3) the degree of purity of the protein product, (4) the presence of nucleic
acids, pyrogens and proteolytic enzymes in the sample, and (5) the ease with which
different types of adsorbents can be washed free from adsorbed contaminants and
denatured protein. The last parameter governs the life of the adsorbent and, together
with its purchasing price, the material cost of the particular purification step [21].
The logical sequence of chromatographic steps would be to start with the more
robust techniques that combine a concentration effect with high chemical and
physical resistance and low material cost. The obvious candidates are ion-exchange chromatography and, to some extent, hydrophobic-interaction chromatography. As the latter often requires the addition of salt for adequate protein binding, it is preferably applied after salt precipitation or after salt displacement from
ion-exchange chromatography, thereby excluding the need for a desalting step.
Thereafter, the protein fractions can be applied to a more specific and more expensive adsorbent. The protocol is often finished with a gel filtration step.
It is advisable to design the sequence of chromatographic steps such that buffer
changes and concentration steps are avoided. The peaks eluted from an ion exchanger can, regardless of the ionic strength, be applied to a gel filtration column.
This step also functions as the desalting procedure which means that the buffer
used for the gel filtration should be chosen so as to allow the direct application of
the eluted peaks to the next chromatographic step. The different chromatographic
techniques have widely different capacities, even though several of the methods
can be applied on a larger scale. However, in the initial stages of a purification
scheme, it is most convenient to start with the methods that allow the application
of large volumes and which have the highest capacities. Ion-exchange chromatography and hydrophobic-interaction chromatography belong to this category, but
any adsorption chromatographic method can be used to concentrate larger volumes, especially in batch operations [21].
The final step aims to remove possible aggregates or degradation products and to
condition the purified protein for its use or storage. The procedure will thus be different depending on the fate of the lipase. Aggregates and degradation products are
preferably removed by gel filtration and if the protein is to be lyophilized, this step is
also used for transferring the protein to a volatile buffer. This can sometimes be
done by ion-exchange chromatography, but other forms of chromatography can,
rarely, do this. If the protein solution is to be frozen, stored as a solution or used
immediately the requirements for specific buffer salts might be less stringent. Several of the adsorption chromatographic techniques might be adapted to give peaks of
reasonably high protein concentration. This is an advantage when gel filtration is
chosen as the final step. Gel filtration will always dilute the sample and is often followed by a concentration step. The impact of an ion exchange step after the gel filtration step is well illustrated by analyzing data in the purification of lipase from
Penicillium camembertii [18]. The impact of the latter step is minimized due to the
use of a more specific purification step before it. Conversely, an ion exchange step
before the gel filtration step is remarkably efficient.

1.3 Chromatographic Steps

Of crucial importance to the purification process is knowledge of the stability of
the lipase in solution, and of the presence of any interfering activities and proteins in solution. All these contribute to an increased level of difficulty in handling the protein source. As may be expected, traditional animal and microbial
sources can be replaced by genetically engineered microorganisms or cultured eukaryotic cells. By proper selection of a secreting strain, a considerable degree of
purification is achieved at this early stage. This is more than ably demonstrated
by the number of published instances of lipase expression through cloning [6, 22–
25]. In fact, Simons et al. [24] conclude that for the same number of steps the
cloning route leads to a 50-fold higher purification than that obtained when the
species is not cloned. An analysis of the purification data for higher plants and
animals and for microbial sources for cloned species confirms this observation.
Generally, lipases purified from higher plant and animal sources go through
many purification steps (including numerous chromatographic steps) to attain the
same level of purification as those obtained from microbial sources. The specific
activities of the lipases from the former sources are also relatively lower than
those of the latter. Studies dealing with the purification of Human Hepatic Lysosomal Acid Lipase [14], purification of Human Gastric Lipase [26], and the purification of a mono-acylglycerol associated with human erythrocytes [27] start out
with the same range of specific activity, 0.2–0.6 mU mg–1, and, except for the one
dealing with human gastric lipase, they require a many steps to attain greater purification levels. Lipases obtained from higher plants and animals, however, seem
to be more stable (activity loss during the actual purification steps) than those obtained from microbial sources. In fact, there are few reported instances of instability in a protein from a higher plant or animal source [12, 28].
Ncube et al. [20] have reported the purification lipase from rape (Brassica napus)
seedlings by a scheme involving homogenization, centrifugation, chromatography
on DEAE-Sephadex, Octyl-Sepharose, and finally Sephacryl S-300 (Tab. 1.2). The extremely high level of purification obtained by hydrophobic-interaction chromatography clearly dominates the purification protocol followed. A 20-fold purification is
obtained over the previous step, i.e., ion-exchange chromatography using DEAE-Sephadex, which is not matched by the other purification steps. This suggests the use
of hydrophobic-interaction chromatography as one of the finishing steps.

Tab. 1.2 Purification data for rape (Brassica napus) seedling lipase – Ncube et al. [20].

Purification step

Nature of
chromatography

Specific activity
(U mg–1)

% Activity
recovery

Purification
fold

100 000 g supernatant
Acetone precipitate
DEAE-Sephadex
Octyl-Sepharose

–
–
Ion exchange
Hydrophobic
interaction
Gel filtration

6.7
47.4
94.8
1900

100
80
78
31

1
7.1
14.2
283

Sephacryl S–300

2140

16

321
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Hydrophobic-interaction chromatography (HIC) and affinity chromatography
(AFC) [29–31] have been used in lipase purification. The ligands are very specific
and each ligand is only applicable for the separation of the lipase from a certain
source. Polypropylene glycol is reported to be a suitable ligand for the fractionation of Chromobacterium viscosum lipase [29].
The molecular rationale for using hydrophobic chromatography is seen in the
importance of the hydrophobic surface regions on the lipase protein. The hydrophobic nature of the surface (pocket or lid) of the lipase is due to alkyl groups,
which are the source of the different enzymatic activities of heterogeneous lipase.
The catalytic properties of lipases (selectivity, stereospecificity) can be easily modulated by the reaction conditions. This dependence of the enzyme properties on
their environment may be a consequence of their complex mechanism of action
(interfacial activation) that involves significant conformational changes of the enzyme structure [32]. This suggests that lipases may be very susceptible to alternations of the interactions between their hydrophobic surface and the medium,
which can modify the equilibrium between closed and open structures and, perhaps, the exact shape of the active center [33].
Lipases are interphase-active enzymes with hydrophobic domains. The hydrophobic surface (loop) on lipase is thought to enable lipophilic interfacial binding
with substrate molecules that actually induces the conformational changes in lipases. The open conformation will provide substrate with access to the active site,
and vice versa. In certain types of lipases, the movements of a short a-helical hydrophobic loop in the lipase structure cause a conformational change that exposes
the active sites to the substrate. This movement also increases the nonpolarity of
the surface surrounding the catalytic site [30, 32, 34, 35]. Obviously, the hydrophobic surface plays an important role in the activity of lipase as an enzyme.
Investigators have examined the purification of lamb pre-gastric lipase [36], of
dog gastric lipase [37], of diacylglycerol lipase from bovine aorta [38], of intestinal
acid lipase from rat [39], purification and characterization of bovine pancreatic lipase [40], purification and characterization of rat phospholipase [41], and the purification of lipoprotein lipase from different rat tissues [42]. An important conclusion is that lipases from different tissues subjected to identical purification steps
are purified to the same extent. Cod (Gadus morhua) lipases have been treated in
two investigations [43, 44], which have dealt with two lipases from the same parent source but from different tissue. An identical number of purification steps
gave the same extent of purification, lending further credence to the assumption
that lipases from the same source show similar extents of purification.
Thermophilic bacteria, and their possible practical use, have attracted much interest, as is reflected in the research available for the purification of thermally
stable lipases from such bacteria [9, 13, 15, 19, 45, 46]. The microbial sources give
extremely low purification levels after the precipitation steps. Sugihara et al. [15]
attribute this to a viscous material excreting into the culture fluid that made the
salting out of the enzyme incomplete. However, ion-exchange chromatography followed by gel filtration chromatography results in about a 200-fold purification of
lipase.

1.4 Unique Purification Strategies

1.4

Unique Purification Strategies

While most purification strategies used chromatography as their mainstay, a few
investigators have used entirely different strategies, not always involving the use
of chromatography. These efforts [47–50] have concentrated on trying to make the
process of lipase purification continuous and/or one that enables easy scale-up.
Making the process continuous should make the use of lipases as industrial catalysts more common. These methods are discussed below.
Bompensieri et al. [51] have described the rapid purification of lipase from Acinetobacter calcoaceticus in temperature-induced aqueous two-phase systems. The influence of ion strength and Triton X-114 concentration on the extractive purification of the lipase was examined. The rapid procedure allows direct extraction
from culture broths in three successive steps with no additional operations. This
technique enabled them to extract 68% of the enzyme and achieve a purification
factor of 41. Bompensieri et al. [47] have also compared the performance of a
hydrophobic-interaction chromatography column to that of various aqueous twophase systems (formed by either polyethylene glycol and dextran, or those based
on detergents) for the purification of lipase from Acinetobacter calcoaceticus
AAC323-I. Triton X-114 gave the best performance and although the yield obtained (81%) is greater than that with hydrophobic-interaction chromatography
(42%), the purification factor of 68 obtained in the former case is low compared
to the 140 obtained from chromatographic separation. The investigators claim
ease of scale-up owing to the simplicity of the method.
Sztajer and Bryjak [48] have taken an entirely different approach to the purification of the lipase from Pseudomonas fluorescens by investigating the use of ultrafiltration capillary membranes. A two-step procedure involving continuous fractionation of the protein on polyacrylonitrile membrane followed by concentration on
polysulfone membranes is suggested for continuous lipase recovery. They observe
that the permeate fluxes through both membranes are similar, thereby suggesting
that changing the production scales should not be difficult.
Terstappen et al. [49], like Bompensieri et al. [47], have investigated the use of
detergent-based aqueous two-phase systems to purify a lipase from Pseudomonas
cepacia DSM 50181. An investigation of the partitioning of a variety of extracellular lipases revealed that all procaryotic lipases showed a preference for the detergent-based coacervate phase. The eucaryotic lipases were significantly excluded
from this phase, which is attributed to the glycosylation of the protein. A single
purification step gave a four-fold concentration of the lipase and a purification factor of 24.
Genest et al. [50] have investigated the purification of crude porcine lipase
using a continuous rotating annular chromatograph. The purification of the lipase
was carried out using single-step size-exclusion chromatography with Sephadex
and Sephacryl packing materials. They found that the batch runs showed comparable purification fold and activity recovery values to those of continuous runs. The
major advantage of using such a purification technique, according to Genest et
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al., is the higher rate of lipase purification and the ease of scale-up. Vasudevan et
al. [52] optimized the purification process in a rotating annular size-exclusion
chromatography unit. The parameters that were optimized for efficient functioning of the column included mobile phase flow rate, lipase flow rate, introduction
of multiple feeds to maximize throughput of the column and rotation rate. Continuous annular chromatography can be used to recover and purify products from
multicomponent mixtures at high productivities. Both size-exclusion packing and
ion-exchange packing can be used in the annulus. The chromatogram of a continuous separation run using Sephadex with two feeds is shown in Fig. 1.1. The parameters for the chromatogram are presented in Tab. 1.3. As can be seen, the purification fold factors are 11.9 and 11.5 for the two lipase fractions recovered, and
the activity recoveries are 53.4 and 49.8%, respectively. The productivities of the
two peaks are 3.5 and 3.2 mg lipase (mg gel-h)–1, respectively. The introduction of

Chromatogram of a continuous separation using Sephadex with multiple feeds.
Packing height: 0.14 m, flow rate: 45 ml min–1,

Fig. 1.1

feed rate: 2 ml min–1, rotation time: 60 min
rev–1, feed concentration: 40 g l–1.

1.5 Theoretical Modeling
Tab. 1.3 Parameters for chromatogram in Fig. 1.1.

Sample

TPCa
(mg dl–1)

Activity units SPAb units
(ml)
(mg)

Purification % Activity
fold value
recovered

Crude
Eluted (1)
Eluted (2)

133.8
6.4
6.2

103.5
59.0
55.0

1.0
11.9
11.5

77
919
887

100.0
53.4
49.8

Productivity
[mg lipase
(mg gel-h)–1]

3.5
3.2

a) Total protein content.
b) Specific protein activity.

multiple feeds thus results in better utilization of the column and consequently
higher throughputs.
Theoretical modeling of a continuous size-exclusion unit is presented below.

1.5

Theoretical Modeling

A mathematical model is set up using the rate theory approach and mass balance
equation for a solute over a differential volume in each of the two phases. The differential equations forming the model are to be solved using the Laplace transformation [53, 54].

1.5.1

Model Formulation

The model for the column is formulated using the rate theory. Using this model
both the elution profile and the effect of some parameters on the elution profile
and resolution can be obtained. The assumptions made in this model are
·
·
·
·
·
·

The stationary phase is made up of porous, rigid spherical particles.
Particles are of uniform pore size.
The mobile phase is treated as a continuous phase.
Equilibrium exists at the particle interface.
Solute adsorption in the stationary phase is neglected.
There is no velocity in the radial direction in the column.

1.5.1.1 Mobile Phase

The mobile phase is the interstitial space in the packed column. The mass balance for a solute in the mobile phase can be obtained from the continuity equa-

9

10

1 Purification of Lipase

tion. This is the steady-state equation for an observer in the laboratory reference
frame.
x

@Cm
@Cm
@ 2 Cm Dh @ 2 Cm
kSe 
m
 Dm
 2

Cs jrR
@h
@z
@z2
r @h2
b 1 e

Cm Keq



1

The various symbols appearing in the equation are defined in the nomenclature.
The last term of the equation accounts for solute transfer between mobile and stationary phase. The driving force is the difference between the stationary phase
concentration at equilibrium and the concentration at the interface. The rest of
the terms arise from the standard continuity equation. The coefficient of the first
term on the right-hand side is the dispersion coefficient in the mobile phase Dm.
This model corresponds to the Fickian analogy where the dispersion coefficient is
treated as a diffusion coefficient.

1.5.1.2 Stationary Phase

A similar mass balance is obtained for the solute in the stationary phase.
x

 

@Cs
1 @ 2 @Cs
 Ds 2
r
@h
r @r @r
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These stationary and mobile phase equations form the model for a continuous
chromatograph.

1.5.1.3 Boundary Conditions

For any model a set of boundary conditions is derived from the physical aspects
of the model and these boundary conditions are then transformed into mathematical equations to solve the model. The boundary conditions for this model are
Mobile phase
z  0 h  0 Cm  Cs  0
z0

0 < h  hf

z0

hf < h < 1 Cm  0

z  1 all h

Cm  Cf

Cm  0

3

These boundary conditions come from the physics of the column. Here z is the
axial coordinate along the column axis, while h is the azimuthal angle. At the inlet of the column (z = 0), the feed is introduced over an angle, hf. From the beginning of the feed introduction to the feed angle we have the mobile phase concentration as the feed concentration. At z  1 there is no solute in the mobile phase
as all the solute has eluted at the column length L. The stationary phase boundary conditions are

1.5 Theoretical Modeling

Stationary phase
@Cs
0
r0
@r

Ds @Cs
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r
@r

Cm Keq



4

These boundary conditions are in spherical coordinate for the spherical particles.
The first condition corresponds to symmetry at the center of the pore. The second
condition corresponds to the mass transfer at the interface between mobile and
stationary phase.

1.5.2

Solution

This section deals with the solution of Eqs. (1) and (2) subject to the boundary
conditions given in Eqs. (3) and (4).
A good way to solve these differential equations is to use dimensionalization
techniques.
The dimensionless variables and parameters are defined as:
0
 Cm =Cf
Cm

Cs0  Cs =Cf

z0  z=L

5

r 0  r=R

6

Wm  xL2 =Dm

Pe  tL=Dm

7

Ws  xR2 =Ds

Nus  kSR2 =Ds

8

Num  ekSL2 =b 1

eDm

9

Using these variables and parameters, the mobile and stationary phase equations
as well as the boundary conditions are made dimensionless. In the mobile phase,
the angular dispersion term is neglected owing to the difficulty in estimating, and
the low order of magnitude of, Dh. Substituting the dimensionless parameters we
obtain
Mobile phase

Wm

0
0

@Cm
@C 0
@ 2 Cm
 Pe m0 
 Num Cs0 jr 0 1
02
@h
@z
@z

0
Cm
Keq
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Stationary phase

Ws
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r
@h
@r 0
r
@r 0
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Boundary conditions
The dimensionless boundary conditions are
z0  0 h  0
0

0
Cm
 Cs0  0

z  0 0 < h  hf

0
Cm
1

0
z0  0 hf < h < 1 Cm
0

0
z0  1 all h Cm
0
0
@C
s
0
r0  0
@r 0

@Cs0
 Nus Cs0 jr1
r0  1
@r 0

0
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The dimensionless Eqs. (10) and (11) are solved with the Laplace transformation.
The Laplace transformation of Eq. (11) reduces it to an ordinary differential
equation in r 0 . The following solution is obtained, using the transformed boundary conditions.
0

Cs 

p 0
A
sinh
pWs r
r0

where
0

Nus C Keq
p m
p
A  p
pWs cosh pWs  Nus 1 sinh pWs
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The Laplace transformation of Eq. (10) is a second-order ordinary differential
equation in z0 . Using the transformed mobile phase boundary conditions, the mobile phase solution in the Laplace domain is obtained.
0
Cm
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exp
p

phf 
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Pe
exp@
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2

where
y  A sinh

p
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0
Cm

The inversion of
to the h domain is quite difficult. Statistical methods (the
method of moments) are therefore used to obtain an expression for the elution
profile (the mobile phase concentration distribution).

1.5.3

Method of Moments

Every statistical distribution can be described by its moments. If the distribution
is defined by a polynomial expansion, then the coefficients of the polynomial are
related to the moments. The peak-like form of the concentration profile suggests
that we can define it by its moments. The zeroth moment measures the area under the curve, the first moment gives the mean residence angle of the solute sample and the second moment gives the variance of the peak. The higher moments
gives the skewness and flatness. If concentration is denoted by Cm h; z then the
moments about the origin of h are defined by
Z1
m0  m0 z 

h0 C z; hdh

15

h1 C z; hdh

16

h2 C z; hdh

17

hn C z; hdh

18

0
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m2  m2 z 
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mn  mn z 
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If all the moments mn exist for a function Cm h, then
0
Cm
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The Laplace transformation may therefore be regarded as a moment-generating
function. The coefficients in this expansion can be evaluated by
mn  lim
p!0
0 n

0 n

1n C m p

where Cm p is the nth derivative of C m p.
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The moments of Eq. (14) are evaluated at the outlet of the column z0  1. The first
four moments of the mobile phase concentration distribution are given below.
m0  hf
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where
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These moments describe the properties of the mobile phase concentration distribution
at the unit outlet. To obtain the elution profile, and to study the effect of parameters, an
analytical expression is required. The mobile phase concentration distribution is represented as an expansion using Hermite polynomials. The Hermite polynomials are
used for the series expansion because the z variable has a domain of  1; 1. The
Hermite polynomials cover this domain and the zeros of the polynomial can be obtained over the entire domain. The Hermite polynomial expansion is given as
c h 
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where the Hermite polynomial is given by
n
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The coefficient of the Hermite polynomial an can be found using the orthogonality property of the polynomial. Thus
1
an  n p
2 n! p

Z1
0



t l0
dt
C tHn p1 p
2l2
2l2
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These coefficients can be related to the moments about the origin and the mean.

1.5.4

Model Evaluation

The effect of four parameters on the elution profile was studied
·
·
·
·

Feed angle
Eluent flow rate
Rotation rate
Column height

The bulk diffusion coefficient of lipase was estimated [55]. The dispersion coefficient is used to characterize the axial dispersion in a packed bed. This parameter
accounts for the dispersion due to molecular diffusion as well as eddy diffusion
due to velocity differences around the particles. A correlation used to estimate the
dispersion coefficient Dm in fixed beds was developed by Chung and Wen [56].
Dm q
Re

l
0:20  0:011Re0:48
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A correlation by Ohashi et al. [57] is used to estimate the mass transfer coefficient
"
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To evaluate the solute diffusion coefficient in the stationary phase, Ds and the solute partition coefficient, Keq, a model for the pore is required. A simple model
where the pore is considered as an infinitely long cylinder and the solute is a rigid sphere adequately describes the elution process [58]. Using this model, Ds, the
solute diffusivity within the porous particles, can be estimated from the hydrodynamic theory of hindered diffusion [59]:
"
Ds
 1
D1

 3
 5 #
a
a
a
2:104  2:089
0:948
r0
r0
r0

32
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The hydrodynamic radius of the solute a is evaluated using the Stokes-Einstein
equation [55]:
a

RT
6plD1 N

33

The equilibrium partition coefficient, Keq, depends on the pore size in the porous
particle as well as the size and conformation of the solute molecule. Giddings et
al. [60] have shown that the characteristic size parameter for all shapes of molecules is the mean length of the molecular projection. For a rigid spherical solute
this is simply the radius a. By considering the ratio of the area available for the
solute molecule inside the cylindrical pore to the actual pore area, and neglecting
any interaction between the solute and pore wall, we get

Keq 

1

a
r0

2

Keq  0

a < r0
a  r0
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The equations were programmed in C++, and solved numerically. The results of
the numerical analysis are discussed below.
1.5.5

Simulation Results

The parameters used in this simulation are presented in Tab. 1.4.
1.5.5.1 Effect of Feed Angle

The effect of changing feed angle on the elution profile is shown in Fig. 1.2 (feed
angles are specified in the figure). The peaks shift to a greater elution angle as
Tab. 1.4 Parameters and their values used in the model.

Parameters

Value

Eluent flow rate
Rotation rate
Feed angle
Column length
Particle size
Pore size
Internal porosity
External porosity
Viscosity of eluent
Eluent density
Outer diameter of annulus
Inner diameter of annulus
Diffusivity of lipase (estimated)

1.5–4 l h–1
0.5–4 rph
1–40 8
0.14 m
40 lm
40 Å
0.4
0.4
0.001 kg m–1 s–1
1000 kg m–3
0.1395 m
0.1268 m
5 ´ 10–11 m2 s–1

1.5 Theoretical Modeling

Effect of feed angle on elution profile; rotation rate 2 rph,
flow rate 3.5 l h–1.

Fig. 1.2

the feed angle increases. This is because more material is being introduced. The
increase in peak width with increasing feed angle may be attributed to an increase in the initial band width. An increase in the feed angle increases the first
and second moments, which are related to the elution angle and the variance of
the peak, respectively.

1.5.5.2 Effect of Flow Rate

As the flow rate increases, the peak shifts to a lower elution angle (Fig. 1.3), due
to a decrease in residence time. Mathematically, as the velocity increases, the first
moment decreases, resulting in a lower elution angle. A decrease in flow rate
leads to an increase in the solute band width due to eddy diffusion. This has been
observed in practice [52].

1.5.5.3 Effect of Rotation Rate

As the rotation rate increases, the peaks shift to a greater elution angle (Fig. 1.4).
The rotation rate also affects the peak width, with an increase in the rate resulting
in band broadening. Overlapping of peaks in the purification of lipase has been
reported by Genest et al. [50].
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Fig. 1.3

Effect of flow rate on elution profile; rotation rate 2 rph, feed

angle 1 8.

Effect of rotation rate on elution profile; feed angle 1 8, flow
rate 3.5 l h–1.

Fig. 1.4

1.6 Conclusions

1.5.5.4 Effect of Column Height

With increasing column height (more packing), the peak shifts to a greater elution angle (Fig. 1.5). An increase in the column height also results in a slight increase in peak width.
Clearly, size-exclusion chromatography is a valuable technique for the separation of protein from non-protein components as well as in the separation of various proteins components present in a mixture. The model has to be improved to
take into account angular dispersion, interaction of components and also adsorption on the porous media.

1.6

Conclusions

This chapter examines in some detail the different techniques available to an investigator in the field of lipase purification. Lipases tend to follow very specific
patterns of purification. The techniques used to purify the lipase need to be optimized to obtain maximum efficiency. Purification strategies need to be arranged
in the proper order to maximize the level of lipase purification. Clearly, more detailed work is needed to establish what factors enable the selection of one strategy
over the other. Last, but not the least, theoretical models of continuous purifica-

Fig. 1.5

Effect of column height on elution.
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tion of proteins need to be improved to make this process efficient and economical.
The few studies that have been carried out certainly reveal the potential for such
processes.
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Phospholipase A1 Structures, Physiological
and Patho-physiological Roles in Mammals
Keizo Inoue, Hiroyuki Arai, and Junken Aoki

2.1

Introduction

Phospholipase A1s (PLA1s) hydrolyze the sn-1 fatty acid residue from phospholipids and produce mostly saturated or mono-unsaturated fatty acids and 2-acyl-lysophospholipids. PLA1s have not attracted as much attention as mammalian acylhydrolases, PLA2s, which are involved in the production of bio-active lipids such as
prostanoids and platelet-activating factor (PAF) [1, 2].
Membrane phospholipids have a high turnover rate [3], for reasons that are unclear. PLA1 appears to be one of the enzymes responsible for the rapid turnover of
cellular phospholipids. In addition to such a general role, some PLA1s play a
specific role through production of functional 2-acyl-1-lysophospholipids. One type
of PLA1, membrane-associated phosphatidic acid-selective PLA1 (mPA-PLA1a in
Tab. 2.1), for example, produces 2-acyl-1-lysophosphatidic acid (2-acyl-lysoPA) with
an unsaturated fatty acid residue [4]. 2-Acyl-lysoPA specifically activates LPA3/
EDG7, a receptor preferentially interacting with 2-acyl-lysoPA [5, 6]. Knock out of
the gene coding phosphatidylserine-specific PLA1 (PS-PLA1 in Tab. 2.1) in mice affected their patho-physiological conditions (unpublished observation), which
further supports the idea that PLA1s play important specific roles in mammals.
Although PLA1 activity has been detected in many mammalian tissues and cells
[7–14], only a few PLA1s have been purified and cloned. Some lipases that hydrolyze triacylglycerol such as hepatic lipase and lipoprotein lipase also show PLA1
activity [15]. However, these lipases will not be considered here.
Group designations of PLA1s are now required as new PLA1s have been discovered and known enzymes have been better characterized. Previously, two phosphatidic acid (PA)-preferring and PA-selective PLA1s have been identified and characterized [4, 16]. However, this nomenclature is no longer appropriate, because the
observed substrate specificities do not reflect the structural aspects of the enzymes, and there are at least two “phosphatidic acid-preferring PLA1s” with completely different structures [4, 16].
Two types of PLA1s, type I and type II, have been described, with different amino
acid sequences (Tab. 2.1). Most PLA1s of both types contain a lipase consensus
sequence (GXSXG). An exception is PA-PLA1 (type II), which contains SXSXG.
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2.1 Introduction

Enzymes that exhibit high similarity to conventional lipase family members
(pancreatic lipase, hepatic lipase, and lipoprotein lipase) are designated as type I
(also called extra-cellular type enzymes) in this chapter. The amino acid sequence
of one member of the type I PLA1 family (PS-PLA1 in Tab. 2.1) shares about 30%
homology with the sequence of conventional lipases (Fig. 2.1) [17]. Type I enzymes are secreted or localized extra-cellularly on surface membranes as ecto-type
enzymes. The observed distribution of the enzymes agrees with a putative signal
sequence that they carry. Type I enzymes conserve the active serine residue, two
other residues (Asp and His) that with serine form the catalytic triad (asterisk in
Fig. 2.1), and the residues surrounding each of these three residues. They also
conserve six cysteine residues (Fig. 2.1) which play an important role in the maintenance of tertiary structures and the formation of “lid” structure in lipase family.
Most members of the lipase family have surface loops called “lid” and “b9”, which
cover the active site and are implicated in substrate recognition. Both phosphatidylserine-specific PLA1 (PS-PLA1) [17] and membrane-associated phosphatidic
acid-selective PLA1 (mPA-PLA1a [4] and mPA-PLA1b [51]) contain such loops,
though the loops conserved in the phospholipases A1 are shorter or deleted as
compared with those of conventional lipases (Fig. 2.1). Shorter “lid” and shorter
(deleted) “b9” structures observed in these phospholipase A1 might be responsible
for their inability to hydrolyze triacylglycerol. All type I enzymes strictly recognize
the head group structure of phospholipids; PS-PLA1 recognizes a glycero-phospho-l-serine structure [17] and mPA-PLA1a recognizes a glycero-phosphate structure [4]. The amino acid sequence of human mPA-PLA1a has 34.0% identity with
that of human PS-PLA1 (Fig. 2.1). A phylogenetic tree of type I PLA1s shows that
mPA-PLA1s and PS-PLA1 form separate clusters (Fig. 2.2).
The amino acid sequence of the other group of the PLA1s, intracellular PLA1s,
shows little if any homology to that of type I enzymes (Fig. 2.3). Three intracellular PLA1s (PA-preferring PLA1, p125, and KIAA0725) have been identified in
mammals. These enzymes are now classified into either type II PLA1 (or intracellular PLA1 since they localize intra-cellularly). It is not known whether type II enzymes also contain a typical catalytic triad composed of Ser, Asp and His. Neither
the “lid” nor the “b9” structure should be present in the intracellular enzymes, because stable intra-molecular S–S bonds between cysteine residues in proteins cannot be kept intracellularly. A newly discovered enzyme (KIAA0725) shows 22.4%
homology with PA-PLA1 [18]. KIAA0725 was discovered as a homologous protein
of P125, which has amino acid sequence homology to PA-PLA1 but lacks PLA1 activity [19].
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Comparison of the amino acid sequences of human type I
PLA1s (PS-PLA1, PS-PLA1DC, mPA-PLA1a, and mPA-PLA1b). The amino
acid residues are numbered at both sides. The asterisks indicate the
active serine, aspartic acid and histidine residues, which may make up a

Fig. 2.1

catalytic triad. The lid domains and b9 loops are indicated by boxes.
Highly conserved residues (residues that are same in three out of the
four proteins) are represented by black boxes.
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2.2 Phosphatidylserine-specific Phospholipase A1 (PS-PLA1)

Phylogenetic relationship of type I PLA1s. The phylogenetic tree was generated from ClustalW alignment data using the GENETYX-MAC v10.1.6 (Software Development Co., Ltd., Tokyo, Japan).

Fig. 2.2

2.2

Phosphatidylserine-specific Phospholipase A1 (PS-PLA1)
2.2.1

Historical Aspects

The enzyme was found originally as a lysophosphatidylserine-selective lysophospholipase (lysoPS-lysophospholipase) that was secreted from activated rat platelets
together with type II PLA2 (recently often referred to as sPLA2-IIA) [20, 21]. It was
later found that the lysoPS-lysophospholipase activity was always recovered from
the same fraction as PS-PLA1 activity on several types of column chromatography,
which suggests that both activities are derived from the same protein. This was
finally confirmed by the findings that the recombinant protein showed both PSPLA1 and lysoPS-lysophospholipase activities [17].
2.2.2

Biochemical Characterization and Tissue Distribution

Activated rat platelets secreted PS-PLA1 as well as sPLA2-IIA, both of which are
stored in a-granules [20]. The PS-PLA1 was purified from culture medium of
thrombin-activated platelets prepared from 1000 rats [17]. In rats, PS-PLA1 expressed not only in platelets but also in heart and lung [22]. The enhanced expression was detected in many tissues when rats were treated with bacterial lipo-polysaccharide in vivo (unpublished observation). The expression of PS-PLA1 differed
between species. For example, the mRNA encoding the enzyme was poorly expressed in human platelets but highly expressed in rat platelets.
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Comparison of the amino acid sequences of human type II PLA1s (PA-PLA1, KIAA0725, and p125). The amino acid
residues are numbered at both sides. Asterisks indicate the putative active serine residues. Highly conserved residues (residues
that are same in three out of the four proteins) are represented by black boxes.

Fig. 2.3
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2.2 Phosphatidylserine-specific Phospholipase A1 (PS-PLA1)

Rat platelet PS-PLA1 was purified as a glycoprotein. The deduced amino acid sequence of the enzyme has three potential N-glycosylation sites. The enzyme binds
strongly to lectins such as concanavalin A, WGA, and RCA. The difference between the molecular mass of the enzyme calculated from the cDNA nucleotide sequence (47 kDa) and that of the purified protein (55 kDa) reflects the addition of
an asparagine-linked sugar moiety to the protein, because treating the protein
with N-glycanase reduced the molecular mass considerably. The recombinant protein produced in a baculovirus system (50 kDa) showed exactly the same activity
as the native PS-PLA1 from rat platelets. This suggests that the larger carbohydrate structure detected in rat platelet PS-PLA1 is not required for enzyme activity,
because the carbohydrate structure of the recombinant protein is probably different from that of the platelet-derived enzyme.

2.2.3

Structural Characteristics

Fig. 2.1 shows the deduced amino acid sequences of human type I PLA1 including PS-PLA1. The sequence homology of PS-PLA1 is about 80.0% between human
[23] and rat [17]. The deduced amino acid sequence contains a catalytic triad composed of active Ser, Asp and His residues, and “lid” surface loops (Fig. 2.1). Interestingly, conventional lipases have long “lid” (22–23 residues) and “b9” loops (18–
19 residues), whereas PS-PLA1 has a shorter “lid” (12 residues) and a shorter (deleted) “b9” loop (13 residues) [17, 23]. Both loops, which may be supported by S–S
bonds of 14 cysteine residues, have been implicated in substrate recognition.
These findings are compatible with the inhibition of the enzyme by diisopropylfluorophosphate and dithiothreitol [21].
While isolating human PS-PLA1 cDNA we found a similar cDNA, designated
PS-PLA1DC, with four extra bases (GTAC) inserted at the boundary of the exon–
intron junction (nt 1122) [23]. The insertion of these four bases caused a frame
shift, resulting in the loss of about 80 amino acid residues at the C-terminus
(Fig. 2.1). The mRNA having this sequence was found in various human tissues
and cell lines [23]. Although it is not clear whether the short form of the enzyme
is actually expressed at the protein level, experiments using the recombinant proteins prepared with the baculovirus system revealed the functional difference of
the two isoforms (see below) [23].

2.2.4

Substrate Specificity

PS-PLA1 reacts specifically with PS and 1-acyl-lysoPS [20, 24]. It can not appreciably hydrolyze any other phospholipids including phosphatidyl-d-serine. The enzyme is not a type of phospholipase B because it exclusively hydrolyzes an acyl
residue bound at sn-1 position of either PS or 1-acyl-lysoPS. Incubation of the en-
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zyme with 1-acyl-2-radioactive acyl-PS produced radioactive lysoPS but only a
small amount of radioactive-free fatty acid, even after long-term incubation [17].
Thus, PS-PLA1 recognizes the 1-acyl-glycerophospho-l-serine structure and hydrolyzes an acyl residue at the sn-1 position. PS-PLA1 may first interact with the surface of the bilayer structure to gain access to PS molecules buried in the bilayer.
A kinetics study revealed that the enzyme could directly interact with monomeric
lysoPS molecules. PS-PLA1DC showed hydrolytic activity to lysoPS, but not to PS
[23], indicating that the domain responsible for interaction with the surface of bilayer is in the C-terminal 80 amino acid residues.

2.2.5

Possible Functions

Activation of rat platelets with a calcium ionophore resulted in a marked accumulation of lysoPS having unsaturated fatty acids as well as lysoPS with saturated
fatty acids [24]. The accumulation of lysoPS with unsaturated fatty acids suggests
that PS-PLA1 participates in regulating the functions of platelets. For example, it
might regulate blood clotting through the elimination of PS, which is implicated
in the blood-clotting reaction.
LysoPS has been shown to stimulate histamine release from rat peritoneal mast
cells triggered by cross-linking of FceRI, a high affinity receptor for IgE [25–28].
Cross-linking of the receptors in the absence of lysoPS did not result in the release of appreciable amounts of histamine. The lysoPS appears to come from an
exogenous source because its levels in pure mast cells are very low. It is not clear
why rat mast cells require exogenous lysoPS. One possibility is that some molecules on the mast cell membrane interact with lysoPS, causing it to undergo a
conformational change and become activated (Fig. 2.4). This may lead to the transmission of a signal within the cell, which in combination with other signals triggered by cross-linking of the Fc receptor, induces degranulation (i.e., release of serotonin and histamine).
Incubation of peritoneal mast cells with cross-linked Fc receptors with exogenous PS-PLA1 (but no addition of lysoPS) also caused histamine release [29]. This
indicates that PS-PLA1 interacted with PS in the mast cell plasma membrane to
produce lysoPS. However, the efficiency of lysoPS production from the mast cell
membrane is very low, which results in a poor degranulation reaction, because
the degranulation was greatly stimulated when mast cells were supplemented
with apoptotic cells [29]. This clearly indicates that lysoPS does not come from
mast cell membranes but from membranes of cells that surround the mast cells.
PS molecules are located in the inner leaflet of the plasma membrane in unstimulated cells and are exposed in the outer leaflet when cells are in either apoptotic
or activated conditions. The PS on the plasma membrane in mast cells is not easily accessible to PS-PLA1, and thus may not be an important source of lysoPS.
However, there may be other cells on which PS is more accessible, such as apoptotic or stimulated cells (upper right of Fig. 2.4). These PS-donor cells may be the

2.2 Phosphatidylserine-specific Phospholipase A1 (PS-PLA1)

A model of activation of rat peritoneal mast cells by lysoPS produced by PSPLA1. LysoPS (both 1-acyl and 2-acyl-lysoPS)
stimulates degranulation of rat peritoneal
mast cells (RPMC) triggered by FceRI (high

Fig. 2.4

affinity receptor for IgE) cross-linking through
a “putative lysoPS receptor”. PS-PLA1 produces and supplies the lysoPS by efficiently
hydrolyzing PS exposed on activated or apoptotic cells.

main source of lysoPS. In support of the PS donor cell model, a crude preparation of rat peritoneal mast cells (containing other cell types such as mononuclear
leukocytes and neutrophils) released appreciable amounts of histamine in the
presence of PS-PLA1 and concanavalin A, a Fc receptor cross-linker [29]. Pure
mast cells under the same conditions would not do this because of a lack of a
source of lysoPS.
Where does the PS-PLA1 come from? Northern and western blot analyses indicate the protein is expressed by platelets, skin, lung, and heart in rats. We also
found that an inflammation stimulus significantly increased PS-PLA1 at both the
mRNA and protein levels in various tissues of rat (unpublished observations).
These PS-PLA1 protein may supply lysoPS to mast cells. Indeed, stimulants such
as nerve growth factor, in combination with activated platelets, activate mast cells
[30], possibly due to an accumulation of lysoPS on the activated platelets that secrete PS-PLA1.
The induced PS-PLA1 might attack PS-sensitized cells in either an autocrine or
paracrine manner. Heparin completely blocked degranulation of a crude mast cell
preparation induced by Fc receptor-cross linkers and PS-PLA1 [29]. This indicates
that, under normal (heparin-free) conditions, PS-PLA1 first anchors to surface he-
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paran-sulfate proteoglycans on the membranes of sensitized cells, and then displays its hydrolytic activity against PS on target cells.
PS-PLA1 produces 2-acyl-1-lyso-PS that has not been well characterized. 2-Acyl1-lyso-PS has the same activity at inducing degranulation as 1-acyl-lyso-PS [29].
Although the acyl chain at the sn-2 position of 2-acyl-1-lysophospholipids can easily migrate to the sn-1 position, resulting in the formation of 1-acyl-2-lysophospholipids, this does not appear to explain the equal activities because the degranulation of mast cells occurs within 5 min, while the migration of a fatty acid residue
on the glycerol backbone takes several hours [31].

2.3

Membrane-associated Phosphatidic Acid-selective Phospholipase A1s
(mPA-PLA1a and mPA-PLA1b)
2.3.1

Historical Aspects

Lysophosphatidic acid (lysoPA) is a lipid mediator with multiple biological functions, including induction of platelet aggregation, smooth muscle contraction,
stimulation of cell proliferation, formation of actin stress fibers in fibroblast, and
inhibition of neurite outgrowth in neuronal cells. Recent studies have identified a
new family of receptor genes for lysoPA. Three G-protein-coupled receptors
(GPCR) belonging to the EDG (endothelial differentiation gene) family, LPA1/
EDG2, LPA2/EDG4 and LPA3/EDG7 have been identified [6, 32, 33]. The latter reacts preferentially with lysoPA, which has an unsaturated fatty acid residue at the
sn-2 position of the glycerol backbone [5, 6], and it also recognizes specific structures of the lysoPA, including the cis double bond at the D9 position of octadecanyl residues, whereas LPA1/EDG2 and LPA2/EDG4 have much broader ligand
specificities. Both receptors interact with lysoPA, despite the difference in the
fatty acyl chains. Hayashi et al. found that lysoPA with an unsaturated fatty acid
residue stimulated dedifferentiation of rat smooth muscle cells isolated from
blood vessels [34]. LysoPA with a saturated fatty acid residue did not show such
activity. The rat smooth muscle cells did express LPA3/EDG7, indicating the involvement of LPA3/EDG7 in the phenomena.
In contrast to the molecular mechanisms of lysoPA receptors, the molecular
mechanisms of lysoPA production are poorly understood. LysoPA is thought to be
produced from PA by the action of PLA2 [35–37], while PA is generated as a result of phospholipase D activation (PLD). However, lysoPA with polyunsaturated
fatty acid species has been detected in several biological systems [38], suggesting
that PLA1 is involved in lysoPA production. “Phosphatidic acid-preferring phospholipase A1” (PA-PLA1 in Tab. 2.1), a type II enzyme, was first isolated from
brain [39] and cloned from bovine testis [16]. This enzyme is localized within
cells. It is not known whether it is involved in production of lysoPA as a ligand

2.3 Membrane-associated Phosphatidic Acid-selective Phospholipase A1s

for GPCRs under physiological conditions. Two homologues of PS-PLA1 recently
been found in GenBankTM are both membrane-associated PA-selective PLA1s:
mPA-PLA1a [4] and mPA-PLA1b [51].

2.3.2

Characterization and Distribution

Both mPA-PLA1a and mPA-PLA1b, like many phosphate-recognizing enzymes
such as phosphatase and ATPase [40], are inhibited by vanadate [51]. When expressed in insect Sf9 cells, neither mPA-PLA1a nor mPA-PLA1b were secreted.
Both were recovered from the Triton X-100-insoluble fraction of the cell membrane. An immunofluorescence analysis confirmed that these proteins are localized exclusively to the plasma membrane. Both mPA-PLA1a and -b may localize
in the detergent-resistant membrane domain, referred to as raft structures, and
function as lysoPA-producers under certain conditions [51].
The membrane fraction showed no hydrolytic activity against exogenously
added phospholipids including PA, unless subjected to a freeze–thaw cycle and
treated with cholic acid. LysoPA production was detected in Sf9 cells expressing
mPA-PLA1a, when the cells were treated with phorbol ester or bacterial phospholipase D [4]. Both endogenous and exogenous PLD may produce PA in the membrane and supply substrates to PA-PLA1. These findings suggest that mPA-PLA1s
expressed in membranes of Sf9 cells may primarily hydrolyze substrates integrated in the same membrane, as was previously found with the PLA2 of sheep
red blood cell membranes [41].
In a culture of mPA-PLA1a-expressing Sf9 cells treated with bacterial PLD to
generate PA, the only lysoPA species to increase in the culture medium were
16 : 1- and 18 : 1-lysoPA [4], with no appreciable change in the level of any other
lyso-phospholipids [4]. This indicates that mPA-PLA1a has a high substrate specificity for PA and that it has PLA1 activity. Thus, the enzyme selectively hydrolyses
PA molecules located on the same membrane.
Human mPA-PLA1a is most abundantly expressed in prostate, testis, ovary, colon, pancreas, kidney, lung, platelets and is expressed at lower levels in spleen,
brain, and heart [4]. Interestingly, the expression pattern of mPA-PLA1a is similar
to that of LPA3/EDG7, a receptor for lysoPA having an unsaturated fatty acid residue.
A closely homologous enzyme, mPA-PLA1b, was found from the gene bank.
mPA-PLA1b has the same characteristics as mPA-PLA1a, except that it was exclusively detected in human testes [51]. mPA-PLA1b was detected in sperm, but only
a small amount was detected in seminal fluids [51].
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2.3.3

Structural Characteristics

The deduced amino acid sequence of mPA-PLA1a had 34.0% identity with that of
human PS-PLA1 [4], and the first half of the molecule, which corresponded to the
N-terminal catalytic domain of PS-PLA1, had an identity of about 40%. Three of
the amino acid residues in the sequence of mPA-PLA1a, Ser-154, Asp-178, and
His-248, are completely conserved in the whole lipase family (Fig. 2.1). The deduced amino acid sequences of mPA-PLA1a and mPA-PLA1b are 45.9% identical
[51]. The homologous regions were again most prominent in the first half of the
molecule [51].

2.3.4

Function

The tissue distribution of mPA-PLA1a is similar to that of LPA3/EDG7. Thus,
PLA1-expressing cells are expected to be functionally coupled to LPA3/EDG7-expressing cells (Fig. 2.5). Co-culturing with mPA-PLA1a-expressing Sf9 cells significantly stimulated the cells expressing LPA3/EDG7 [4, 6]. Conditioned medium

A model of production of 2-acyl-lysoPA by mPA-PLA1s and consequent activation
of LPA3/EDG7 by 2-acyl-lysoPA. mPA-PLA1a
and -b hydrolyze PA generated as a result of

Fig. 2.5

PLD activation and produce 2-acyl-lysoPA in
detergent-resistant membrane. LPA3/EDG7 is
specifically activated by 2-acyl-1-lysoPA.

2.4 Phosphatidic Acid-preferring Phospholipase A1 (PA-PLA1)

prepared from Sf9 cells expressing mPA-PLA1a did stimulate the cells expressing
LPA3/EDG7, indicating that a small amount of lysoPA was released to the medium.
Treatment of mPA-PLA1a-expressing Sf9 cells with PMA stimulated lysoPA formation [4]. This suggests that intrinsic PLD is involved in the production of lysoPA in infected Sf9 cells, because PMA is known to activate PLD through the activation of protein kinase C. PMA-stimulated production of lysoPA was suppressed
by a PLD inhibitor, butan-1-ol [4], which supports the idea that endogenous PLD
collaborate with mPA-PLA1a to produce lysoPA in the present system (Fig. 2.5).
In mammalian plasma or serum, lysoPA is also produced by lysophospholipase
D (lysoPLD) from lysophosphatidylcholine (lysoPC), which is present at the several hundred lM level [42]. It is noteworthy that lysoPLD is identical to autotaxin
(ATX) [43], a tumor cell motility-stimulating factor, originally isolated from melanoma cell culture supernatants [44]. Thus, ATX might mediate its effects through
lysoPA production. Because lysoPLD/ATX acts on both 1-acyl-2-lysoPC and 2-acyl1-lysoPC, PLA1 isozymes may be involved in the production of lysoPA by supplying 2-acyl-1-lysoPC to lysoPLD/ATX. Interestingly, lysoPA with unsaturated fatty
acid residues (18 : 1 or 18 : 2) but not with saturated fatty acids (14 : 0, 16 : 0, or
18 : 0) specifically induces phenotypic modulation of vascular smooth muscle cells
[34], which indicates that such PLA1 isozymes may have a role in atherosclerosis.

2.4

Phosphatidic Acid-preferring Phospholipase A1 (PA-PLA1)
2.4.1

Historical Aspects

In addition to “membrane-bound” PLA1s, mammals have cytosolic PLA1s. Cytosolic PLA1 activities have been studied in various tissues including heart, brain and
testis. PA-PLA1 has been purified from brain [45] and testes [39, 46]. Like other
lipolytic enzymes, PLA1 is affected by the assay conditions. Using a mixed micelle
system Glomset and his colleagues [46] found that a 110 kDa enzyme from testes
preferentially hydrolyzed phosphatidic acid. They cloned the PA-PLA1 from bovine
[16]. This PLA1 lacks sequence similarity to type I PLA1, lysophospholipase, LCAT,
and triacylglycerol lipases.
Of two new members of the phosphatidic acid-preferring PLA1 (type 2 PLA1)
family (Fig. 2.3), one, p125, was identified as a protein that interacts with mammalian Sec23p via its N-terminal proline-rich region [19]. Sec23p is a component
of the COPII coat that functions in the production of vesicles from the ER [47].
p125 is localized in the ERGIC and/or cis-Golgi, and its overexpression causes the
dispersion of these membrane compartments, suggesting its involvement in the
early secretory pathway. Surprisingly, the enzyme did not have appreciable PLA1
activity. Database searches using the amino acid sequence of p125 identified an
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homologous protein that is encoded by the human expressed sequence tag clone
KIAA0725 [18]. This protein, named KIAA0725p, possessed PLA1 activity preferentially for phosphatidic acid in the assay system containing Triton X-100.

2.4.2

Characterization and Distribution

The highest PA-PLA1 activity was observed in high speed supernatant fractions
from homogenates of bovine testes and brain, with little or no activity in corresponding fractions from newborn testes, liver, spleen, heart, and blood [46]. A
northern blot analysis of mRNA from human tissues agreed with the observations
with bovine tissues [16].
The molecular mass of the expressed PA-PLA1 was estimated to be 110 kDa by
SDS-PAGE, and 97.6 kDa by matrix-associated laser desorption/ionization [48]. A
value of 97.6 kDa was also obtained from the deduced amino acid sequence of the
open reading frame (ORF) [48]. The enzyme purified from bovine testes had an
apparent molecular mass of 440 kDa, as determined by size exclusion chromatography [48], suggesting that PA-PLA1 exists as a homotetramer of 98 kDa subunits
in solution. The molecular mass of bovine brain PA-PLA1, estimated by the same
method, was 200 kDa, suggesting that it exists as a homodimer in the brain [48].
PA-PLA1 was inhibited by methyl arachidonyl fluorophosphonate (MAFP), an
inhibitor of certain PLA2s, but not by DFP [39], which is a potent inhibitor of
mPA-PLA1. The activity of PA-PLA1 was Ca2+-independent at neutral pH but Ca2+dependent at alkaline pH [39].

2.4.3

Substrate Specificity

In a Triton X-100-mixed micelle system, the activity of PA-PLA1 against PA was 4to 10-fold greater than the activities of PA-PLA1 against PI, PS, PE, and PC [39].
The enzyme hydrolyzed diunsaturated molecular species of PA (dioleoyl PA and
diarachidonoyl PA) in preference to 1-palmitoyl-2-oleoyl PA and 1-stearoyl-2-arachidonoyl PA, in the same system. The substrate specificity of this enzyme varied
according to the assay condition [39], as was also found by Nakajima et al. and
Uchiyama et al. [18, 49]. In the absence of Triton X-100, PE was the best substrate
for PA-PLA1 [49]. Interestingly, hepatic lipase showed a substrate preference for
PA and PS in the presence of Triton X-100 [50]. Further studies are needed to
identify the real substrates within cells and in vivo.

2.5 KIAA0725P, a Novel PLA1 with Sequence Homology

2.4.4

Function

PA-PLA1, which is expressed in mature bovine testes but not in newborn calf
testes, may contribute to the formation or function of sperm. PA-PLA1 may also
be involved in the remodeling of phospholipids by hydrolyzing fatty acids at the
sn-1 position and by subsequent acylation that occurs at this position.

2.5

KIAA0725P, a Novel PLA1 with Sequence Homology
to a Mammalian Sec23p-interacting Protein, p125
2.5.1

Historical Aspects

Vesicles coated with coat protein complex II (COPII) are involved in protein transport from the endoplasmic reticulum (ER) to the Golgi apparatus [47]. Sec23p is a
component of CopII. A novel protein, named p125, was found to interact with
Sec23p [19]; p125 has domains in the central and C-terminal regions that are significantly homologous to PA-PLA1 and has the Gly-X-Ser-X-Gly consensus sequence that is considered to be the active site of lipases, but it did not show
appreciable PLA1 activity [19]. A database search revealed a protein encoded by the
human expressed sequence tag clone KIAA0725 that exhibits strong sequence
similarity (52.6%) to p125 throughout the entire sequence determined [18].
KIAA0725p has 711 amino acids with a calculated molecular mass of 81 003 Da,
and like p125, has the Gly-X-Ser-X-Gly consensus sequence. Surprisingly,
KIAA0025p showed PLA1 activity, whereas p125 did not [18].

2.5.2

Characterization and Distribution

KIAA0725p does not have a signal sequence or transmembrane domain, suggesting that it is a cytosolic protein. The subcellular localization of KIAA0725 was
confirmed by cell fractionation experiments. Both a northern blot analysis and an
immunoblot analysis revealed KIAA0725 is expressed in all tissues tested [18].
KIAA0725p might play a fundamental role in cells, whereas PA-PLA1 appears to
have a fundamental role in brain and testes.
The postnuclear supernatant of cells transfected with KIAA0725p cDNA showed
high hydrolytic activities against PE and PA and low activities against PS and PC
in the absence of Triton X-100, while in the presence of Triton X-100 it had activity against PA but only weak activity against PE [18]. Interestingly, overexpression
of KIAA0725p caused morphological change of organelles, such as dispersion of
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the ER-GIC and Golgi apparatus [18]. Further studies are needed to identify the
function of the protein at the molecular level.
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Rational Design of a Liposomal Drug Delivery System
Based on Biophysical Studies of Phospholipase A2 Activity
on Model Lipid Membranes
Kent Jørgensen, Jesper Davidsen, Thomas L. Andresen, and Ole G. Mouritsen

Abstract

Secretory phospholipase A2 (sPLA2) belongs to a family of small interfacially active
enzymes that catalyze the hydrolysis of phospholipids, yielding lysolipids and fatty
acids. sPLA2 is found in snake and bee venom and also in inflammatory and cancerous tissue. It is mainly active on organized lipid substrates such as micelles and lipid
membranes, and its hydrolytic activity is moreover strongly influenced by the physical properties of the supramolecular lipid substrate. Systematic model studies of the
activity of sPLA2 on lipid-membrane substrates of different compositions have provided insight into the biophysical mechanisms of sPLA2 activation. In particular,
combined theoretical and experimental model studies have revealed an intimate relationship between the activity of sPLA2 and the formation of small-scale lipid domains in the lipid membrane substrate. This has been used to design and develop
a principle for liposomal drug targeting, release, and absorption that is based on the
presence of high levels of sPLA2 activity in certain diseased target tissue.

3.1

Introduction

Liposomes are self-assembled lipid membrane systems that are spontaneously
formed when amphiphilic lipid molecules are mixed with water. Both the functional and structural behavior of liposomes such as the transmembrane permeability and the morphological stability are therefore largely controlled by non-specific physical interactions of the many-particle lipid system. Insight into the structural organization of liposomes on different length and time scales is crucial to
manipulating and designing the functional behavior of the liposomes for specific
drug delivery purposes [1, 2]. On the one hand, to be effective as drug delivery
systems, liposomes have to be stable in the blood stream, i.e. they have to be able
to retain the encapsulated drugs and circulate in the blood stream for sufficiently
long time to passively target the diseased tissue. On the other hand, this stability
has to be effectively balanced with an ability to release the encapsulated drugs at
the diseased target site within an appropriate time window [3, 4].
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At present, one of the most successful ways of improving the in vivo stability of
drug-carrying liposomes is to incorporate large amounts of cholesterol and/or
small amounts of synthetic poly(ethylene glycol) (PEG)-lipids into the liposomal
membranes [5]. Such highly stable liposomal drug delivery systems containing the
anthracycline anticancer drug, doxorubicin, have been approved and marketed as
Caelyx and Doxil in Europe and in the US, respectively [6]. However, the local bioavailability of the anticancer drug in the diseased tissue is low for these highly
stable drug delivery liposomes that have been specifically designed to minimize
systemic drug exposure and to maximize liposome accumulation in tumor tissue
[3]. The efficacy of the liposomal drug delivery systems is thus currently not as
high as desired.
The control of a rapid drug release close to the diseased target cells would significantly improve such liposomal drug-delivery systems. Different strategies developed to trigger rapid liposomal drug release in the target tissue include drug
release triggered by local intervention techniques such as hyperthermia [7, 8], release by programmable fusogenic liposomes [9], and release triggered by the use
of environmentally sensitive liposomes that respond to changes in pH [10, 11].
Furthermore, specific peptide-linked lipids incorporated into the drug-carrying liposomes might be turned into fusogenic agents by the action of proteases in tumors, thereby promoting intracellular drug transport [12].
A major advance in drug-delivery could be anticipated if the drug-carrying liposomes were to possess a dual triggering mechanism, involving enhanced drug release at the target with simultaneously enhanced transport of the released drug
into the diseased target cells. The present chapter describes a novel principle
along these lines for targeted drug release and absorption in the diseased tissue.
The principle is built on the increased activity of secretory sPLA2 in the diseased
target site (Fig. 3.1), e.g. in cancerous and inflammatory tissue [13, 14].

Schematic illustration of a targeted drug-delivery principle that involves accumulation of polymer-covered liposomal drug carriers
in porous diseased tissue
where secretory sPLA2 subsequently acts as a local trigger
for liposomal drug release
and drug transport across the
target cell membrane.
Fig. 3.1

3.3 Lateral Microstructure of Lipid Bilayers and Its Influence on sPLA2

3.2

Role for Secretory Phospholipase A2 (sPLA2) in Liposomal Drug Delivery

Secretory sPLA2 belongs to a family of small (14 kDa) interfacially active enzymes
that catalyze the hydrolysis of the ester-linkage in the sn-2 position of glycerophospholipids, producing free fatty acids and lysophospholipids [15, 16]. sPLA2 is only
weakly active on monomeric lipid substrates but is very active on organized lipid
substrates such as micelles and liposomes. The enzyme’s activity and its mode of
action are largely controlled by physical properties, in particular the microstructure of liposomal lipid bilayers [17–19]. Since there is a substantial structural similarity between different secretory sPLA2s from, for example, snake venom and
mammals these small membrane-active enzymes probably share a common catalytic mechanism of action. This has been utilized to develop a principle for liposomal drug targeting, release and absorption that is based on elevated concentrations of sPLA2 in the diseased target tissue.
This liposomal principle involves long-circulating polymer-covered liposomes
that accumulate in the diseased tissue characterized by leaky blood vessels and
high sPLA2 activity. Subsequently, when the phospholipids constituting the liposomal membrane are converted into lysolipids and fatty acids, the drug-carrying liposomes start to disintegrate, resulting in the release of the encapsulated drugs
specifically at the diseased target site [20–22]. Furthermore, the sPLA2 generated
lysolipids and fatty acids will subsequently act as locally generated permeability
enhancers that promote the absorption of the released drugs across the cellular
membrane into putative intracellular target sites of the diseased cell. The degradation of the liposomal drug carrier and the release rate of the encapsulated drugs
will be determined by the lability of the liposomal membranes towards sPLA2 hydrolysis as well as on the local concentration of sPLA2 in the diseased tissue, e.g.
in tumor or inflammatory tissue [23–26].
A fundamental understanding of the relationship between the physicochemical
properties of the liposomes and the structural behavior of the lipid membrane,
specifically the lateral organization and the formation of small-scale lipid domains, forms the basis for a more rational improvement of the performance of liposomes as drug delivery systems. In particular, this understanding could be used
to optimize the fine balance between the liposomal lability required for rapid
sPLA2-catalyzed hydrolysis at the target site and the long-term in vivo stability in
the blood stream needed for accumulation of the liposomes in the porous tumor
tissue with high levels of secretory sPLA2.

3.3

Lateral Microstructure of Lipid Bilayers and Its Influence on sPLA2

Determination of the lateral organization of liposomal membranes on scales ranging from 10 to 1000 nm has proved elusive [27–30]. However, indirect and direct
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evidence from recent studies of model membranes as well as biological membranes has suggested that membranes are laterally heterogeneous and structured
in terms of domains and so-called rafts [31]. The length and time scales of these
domains remain controversial, and domain diameters from a few nanometers to
many microns have been reported.
Lipid domains and rafts in biological membranes are stabilized by several different interactions, including membrane-cytoskeleton, lipid–protein, and lipid–lipid
interactions, and the organization can be both equilibrium and non-equilibrium
in nature [27]. Lipid-domain formation caused by cooperative phenomena in the
lipid bilayers is particularly important for the activation of sPLA2 [32–35]. The cooperative phenomena in lipid bilayers are caused by the fundamental interactions
between the lipid molecules and are a consequence of the many-particle character
of the supramolecular aggregate. The cooperativity leads to phase transitions and
phase equilibria. The key cooperative event in many liposomal membranes is the
so-called main phase transition, which takes the bilayer from a solid (gel) phase
with conformationally ordered acyl chains to a fluid phase with conformationally
disordered chains. The main transition in lipid bilayers is often accompanied by
strong lateral density and compositional fluctuations. These fluctuations are manifested as dynamic lipid domains characterized by certain time and length scales
that are determined by the thermodynamic conditions and the actual lipid species
in question.
The top panel of Fig. 3.2 presents a selection of results for the lateral organization of some simple one- and two-component lipid bilayers that have been investigated by computer-simulation calculations and atomic force microscopy. A pronounced degree of lateral heterogeneity in terms of lipid domains is found. The
lipid domains are either solid lipid patches in fluid bilayers or fluid lipid patches
in solid bilayers. In lipid mixtures, the domains may reflect incomplete phase separation. The sizes, the morphology, and the topology of the lipid domain patterns
depend on the lipid composition and the thermodynamic conditions. The domains can be enhanced or suppressed by adding further lipid components or solutes [36].
Similar lipid domain patterns have been found in other lipid bilayer systems
using various experimental techniques, including fluorescence spectroscopy [37],
fluorescence microscopy [38], single-particle tracking techniques [39], scattering
techniques [40], and atomic-force microscopy [41, 42]. In particular, direct imaging
techniques like atomic force microscopy applied to solid-supported bilayers and
fluorescence microscopy applied to solid-supported lipid bilayers or giant unilamellar vesicles have revealed lipid domains in the range of tens of nanometers to
microns, depending on the lipid membrane in question.
On being presented to lipid bilayer substrates that are laterally heterogeneous
(top panel of Fig. 3.2) sPLA2 can bind to and hydrolyze lipid bilayers in very different states: the domains, the background phase, and the domain interfaces. Importantly, the sPLA2 enzyme only senses structure and structural variations over
length scales that are smaller or comparable to the scale over which the enzyme
diffuses within the time lapse of an actual hydrolytic event. Hence, it can be hy-

3.3 Lateral Microstructure of Lipid Bilayers and Its Influence on sPLA2

Temperature (8C)
Small-scale structure and domain
formation in lipid bilayers (top panel) and the
corresponding temperature dependence of
sPLA2 activity (bottom panel) measured by
the inverse lag time, s–1. (a) DMPC;
(b) DPPC; (c) DSPC; (d) 1 : 1 DMPC-DSPC
(Courtesy of Pernille Høyrup). The domain
structures for (a), (b), and (c) were obtained
from computer-simulation calculations
Fig. 3.2

(frames are 100 ´ 100 nm), and for (d) by
atomic force microscopy of a solid-supported
bilayer (frame is 1 ´ 1 lm) (Courtesy of Thomas Kaasgaard). The lag-time data were obtained for snake venom sPLA (Agkistridon piscivorus piscivorus) by a combination of fluorescence spectroscopy, light-scattering, real-time
HPLC analysis, and pH-stat titration.

pothesized that the enzyme responds to the small-scale structure of the substrate
rather than its large-scale thermodynamic behavior.
This hypothesis is supported by data (bottom panel of Fig. 3.2) for the activation
of sPLA2 as a function of temperature for the same four lipid substrates as in the
top panel. The rate of activation is measured here by the inverse of the so-called
lag time, which is the time that describes the lag-burst kinetics that is characteristic for many sPLA2s [17]; the smaller the lag time, the more rapid the activation
of the enzyme. For the one-component lipid bilayers, we see a dramatic increase
in activity at the phase transition temperature [17], and for the binary mixtures
there is enhanced activity at the phase boundaries and in the phase-coexistence region [35, 43]. These observations suggest that the activity of sPLA2 is modulated
by the small-scale lateral structure of the lipid bilayer substrate. The relationship
between sPLA2 activity and lateral lipid bilayer heterogeneity can be made semiquantitative via comparison with the results from computer-simulation calculations shown in the top panel of Fig. 3.2 [17, 32, 44]. This comparison suggests
that sPLA2 may be particularly active at domain interfaces that are sites of structural defects and hence good points of attack for the enzyme. Similar conclusions
have been drawn from early work on lipid monolayers [45].
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This general picture of sPLA2 activation is supported by detailed analyses of
atomic force microscopy images of solid-supported bilayers in the presence of
sPLA2 in the various stages before and after the lag phase [30, 33, 34]. These analyses strongly suggest that sPLA2 attacks at areas with structural defects, such as
domain boundaries, at regions with accumulated hydrolysis products, and at the
edges of pre-existing holes in the bilayer. This is also in line with findings suggesting that sPLA2 activity is enhanced on liposomes of decreasing size, i.e. increasing curvature [46], and therefore larger curvature tension. For bilayers made
of lipids with different chain lengths, although sPLA2 seems to bind uniformly
across solid and fluid domains enriched in the long- and short-chain lipid species,
respectively, the enzyme prefers the short-chain lipid species, which is hydrolyzed
first [30, 35, 47]. The preferred hydrolysis of the short-chain lipids, which are in
the fluid phase, might be due to the lower surface area density of the lipid head
groups in this phase. This would accord with the enhanced sPLA2 activity seen on
giant unilamellar liposomes that are subject to an osmotic stress that lowers the
surface density [48].

3.4

sPLA2 Degradation of Drug-delivery Liposomes: A New Drug-delivery Principle
3.4.1

Liposomes Protected by Polymer Coating

Bare unilamellar liposomes are poor candidates for drug-delivery systems because
they are quickly recognized and degraded by macrophages from the immune system. However, by covering the surface of the liposomes with polymers they become invisible to the macrophages and therefore enjoy increased circulation times
in the blood stream. These so-called Stealth liposomes [1, 2] contain a certain fraction of lipopolymers, often of the type poly(ethylene glycol) (PEG) that is covalently attached to the lipid head group. The PEG moiety is highly soluble in
water.
Although the polymer coat might be expected to inhibit the access of enzymes
such as sPLA2 to the lipid membrane surface, and hence suppress the enzymatic
degradation of the polymer-covered liposomes, it actually decreases the lag time of
sPLA2 and therefore enhances the degradation of the PEG liposomes [20]. Systematic studies of the dependence of the lag time on the lipopolymer content and the
polymer length have shown that the enhanced sPLA2 activity is an electrostatic effect caused by the attraction between sPLA2 and the negative charge of the phosphate group of the lipopolymers [21]. This was further underlined by results demonstrating that the activity of sPLA2 was reduced when a methyl group was covalently attached to the phosphate group, thereby rendering the head group of the
PEG-lipids uncharged [22]. The electrostatic character of the binding of sPLA2 to
liposome surfaces can obviously be exploited to optimize enzyme activity.

3.4 sPLA2 Degradation of Drug-delivery Liposomes: A New Drug-delivery Principle

3.4.2

Biophysical Model Drug-delivery System to Study sPLA2 Activity

Fig. 3.3 illustrates schematically a biophysical model of a drug-delivery system
consisting of polymer-coated drug-carrying liposomes and liposomal target cell
membranes. This system has been used to develop and investigate the potentials
of a principle for liposomal drug targeting and absorption that involve triggering
by sPLA2 [14]. The drug-carrying liposomes are unilamellar liposomes made of
DPPC lipids. The target membranes consist of liposomes made of 1,2-O-stearoyl
PC (di-O-SPC) lipids whose stearoyl chains are ether-linked to the glycerol backbone, thereby rendering the di-O-SPC lipids inert towards sPLA2-catalyzed hydrolysis. This simulates a situation where the target membranes may be inert to the
endogeneous lipases. These target liposomal membranes are arranged to encapsulate a self-quenching fluorescent molecule, calcein. By monitoring the efflux of
calcein, this type of experimental assay allows for a detailed investigation of the
sPLA2-catalyzed hydrolysis of the carrier liposomes while also monitoring the per-

Biophysical model drug-delivery system

Illustration of a supramolecularbased biophysical model drug-delivery system
where the phospholipids of the carrier liposome, via sPLA2-catalyzed hydrolysis, act as

Fig. 3.3

pro-destabilisers at the site of the carrier and
as pro-enhancers at the site of the target
membrane.

47

48

3 Rational Design of a Liposomal Drug Delivery System Based on Biophysical Studies

meability-enhancing effect of the generated lysopalmitoyl PC (lysoPPC) and palmitic acid (PA) on the inert di-O-SPC target membranes [49].

3.4.3

Effect of Lipid Composition on sPLA2-triggered Drug Release and Absorption

When sPLA2 is added to the liposome suspension, a slow release of calcein is observed from the target liposomes (Fig. 3.4). This period of slow release, which is
clearly observed for the bare DPPC liposomes, corresponds to the well-known lag
time of sPLA2. A pronounced decrease in the lag time and a concomitant enhancement of the release of calcein across the target membranes is observed
when 2.5 mol% DPPE-PEG2000 is incorporated into the carrier liposomes. When
short-chain di-capryl PC lipids (DCPC), that activate sPLA2 [50], are incorporated
into the carrier PEG-liposomes, the permeation of calcein across the target membranes increases almost instantaneously.
The release profiles suggest that the lysoPPC and PA hydrolysis products, which
are formed in a 1 : 1 molar ratio by sPLA2, are incorporated into the target membranes [51], leading to the increase in the permeability of the target liposomal membranes. These hydrolysis products, due to their non-bilayer forming molecular
shapes, induce a curvature stress [52, 53] and/or form small-scale lipid domains
[33, 36], which lead to membrane defects and consequently increased membrane

Fig. 3.4 sPLA2 (A. piscivorus piscivorus) triggered permeation of fluorescent calcein
across di-O-SPC target membranes as a function of time for different compositions of the
carrier liposomes at 37 8C. In comparison
with bare DPPC carriers, the rate of release of

calcein across the target membranes is dramatically enhanced for the polymer-coated
carriers. A further increase in the calcein release is obtained if the carrier also contains a
short-chain phospholipid, DCPC, which acts
as a local activator of sPLA2.

3.4 sPLA2 Degradation of Drug-delivery Liposomes: A New Drug-delivery Principle
Total calcein release from
1,2-O-SPC target liposomes 20 min
after addition of 10 lm PA and lysoPPC separately or simultaneously in
an equimolar mixture. Concentration
of the target liposomes was 20 lm in
a HEPES buffer (pH = 7.5), temperature = 398C.

Fig. 3.5

permeability. The unique ability of sPLA2 to produce permeability enhancers is
further underlined by the data in Fig. 3.5, showing that calcein release is dramatically enhanced only when lysoPPC and PA are added simultaneously from a 1 : 1
mixture (in the absence of sPLA2). This effect suggests that the generated hydrolysis
products act in a synergistic fashion as a pair of permeability enhancers [49].
Furthermore, when large amounts of cholesterol (> 20 mol%) are incorporated
into the carrier PEG-liposomes, sPLA2 becomes inactivated. This is of particular
interest in relation to the blood circulation times of PEG-liposomes, which are
almost the same without cholesterol as with large amounts of cholesterol [54]. In
fact, these results suggest that drug-carrying PEG-liposomes could be designed
without cholesterol and still circulate in the blood stream for sufficiently long to
accumulate in the diseased tissue where they, advantageously, will experience an
increased susceptibility towards sPLA2 degradation.

3.4.4

Effect of Temperature on Liposomal Drug Release and Absorption by sPLA2

Temperature has a dramatic and highly non-trivial effect on sPLA2 activation in
the region of the main phase transition of saturated phospholipid bilayers [17, 19]
(Fig. 3.2). As noted above, this is caused by dramatic lateral structural changes in
the lipid bilayer [28]. It is possible to take advantage of this physical effect as a
thermally activated release trigger mechanism in the biophysical drug-delivery
model system, as illustrated by the data displayed in Fig. 3.6. As the temperature
approaches the main phase transition temperature at 41 8C of the DPPC lipid bilayer, the rate of calcein release is dramatically enhanced as quantified by the time
of 50% calcein release (insert in Fig. 3.6).
It has been suggested that hyperthermia could be used to enhance drug release,
and that local heating at predefined tumor areas could be used to locally destabi-
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Temperature-dependent sPLA2
(A. piscivorus piscivorus) controlled permeation
of calcein across 1,2-di-O-SPC target liposomes as a function of time at different temperatures. As the temperature is raised, calcein release is enhanced due to an increased
activity of the enzyme induced by structural
Fig. 3.6

changes in the lipid membrane substrate of
the carrier liposome consisting of DPPC +
2.5 mol% DPPE-PEG2000. In the present assay,
a maximum calcein release of about 70% was
achieved in all cases. Insert: time of 50% calcein release, t50%, as a function of temperature.

lize drug-carrying liposomes, by exploiting the enhanced leakiness of liposomes at
their phase transition [8]. In a similar way, local heating of the diseased tissue
could enhance liposomal drug release and absorption via an enhancement of the
sPLA2-catalyzed degradation of the drug-carrying liposomes.

3.4.5

Liposomal Drug Release as a Function of sPLA2 Concentration

Fig. 3.7 shows the sPLA2-triggered release of calcein entrapped in liposomes composed of 1-O-DPPC (the ester linkage in the sn-1 position has been replaced by an
ether linkage) incorporated with 10 mol% 1-O-DPPE-PEG350 [14]. These results
demonstrate that rapid release, within minutes, can be obtained even at 1 nm
PLA2 (*14 ng ml–1). Interestingly, the sPLA2 concentrations found in effusions
from patients with various cancer types ranged from 9 to 188 ng ml–1 [15].
Furthermore, sPLA2 can hydrolyze the 1-O-DPPC and 1-O-DPPE-PEG350 monoether lipids, leading to the release of lysolipids that are stable against hydrolysis
by, for example, lysophospholipases. The generated ether lysolipids are expected to
display increased in vivo stability, thereby having the potential to induce a more
pronounced permeability-enhancing effect in the diseased tissue.

3.6 Acknowledgments
Concentration-dependent sPLA2-triggered release of
calcein from 25 lm polymercovered liposomes composed
of 1-O-DPPC and 1-O-DPPEPEG350 (9 : 1) suspended in a
10 nM HEPES-buffer (pH = 7.5).
sPLA2 (A. piscivorus piscivorus)
was added after 300 s; temperature = 35.5 8C.
Fig. 3.7

3.5

Conclusion

The results described here suggest that polymer-grafted liposomes, which accumulate in diseased tissue with leaky capillaries and increased levels of sPLA2, can
also be rationally designed and optimized to be susceptible to sPLA2-catalyzed degradation. In this way it is possible to achieve a remote and site-specific release
and absorption of the encapsulated drugs specifically at the diseased target site.
This principle for targeted liposomal drug delivery to diseased tissue implies that
the sPLA2-controlled release will be enhanced where the sPLA2 concentration is
elevated and the polymer-covered liposomes accumulate due to leaky blood vessels
that often characterize solid tumors or inflamed tissue. In particular, this principle for targeted drug delivery is independent of the size of the diseased region
and does not require a preceding localization of the diseased tissue. Furthermore,
by designing the carrier liposome to include special lipids whose degradation
products, after exposure to sPLA2, are converted into permeability enhancers, enzymatic activators, or certain drugs such as anticancer lysoetherlipids [55], a possible realization of Dr Erlich’s ‘magic bullet’ can be imagined.
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4

Phospholipase D
John H. Exton

4.1

Introduction

Phospholipase D (PLD) is an enzyme that hydrolyzes phospholipids, principally
phosphatidylcholine (PC), to phosphatidic acid (PA) and the free head group. It is
widely distributed and has been purified or cloned from many mammalian, plant,
protozoan and bacterial species and also yeast, Drosophila, Anopheles, and C. elegans. In mammals it occurs as splice variants of two gene products, and in plants
there are multiple genes and isozymes.
All PLD isozymes share two conserved HXKX4DX6GG/S sequences [1, 2], designated HKD motifs, which are required for catalytic activity. These motifs are also
present in bacterial phospholipid synthases, bacterial endonucleases, pox virus envelope proteins, a murine toxin from Yersinia and tyrosyl-DNA phosphodiesterase
[1, 3], although in this latter case the motifs lack the aspartate residues. Proteins
containing HKD motifs are said to comprise a PLD superfamily.
Members of the PLD superfamily that exhibit PLD activity contain four conserved sequences (I–IV) of which sequences I and IV contain the HKD motifs [4]
(Fig. 4.1). The functions of sequences I and III have not been defined, but it is assumed they participate in catalysis. Two adjacent domains, PX (Phox homology)
and PH (pleckstrin homology), are located in the N-terminal sequences of mammalian, yeast and nematode PLDs and in the plant PLD f isozymes, but are absent from bacterial and most plant enzymes [5, 6]. The plant PLDs lacking the
PX/PH tandem domain contain a Ca2+/phospholipid binding domain, designated
C2, at the N-terminus and require Ca2+ for activity [6].
Mammalian, yeast, Tetrahymena and certain plant PLDs depend on phosphatidylinositol 4,5-bisphosphate (PIP2) for activity [6–10]. Although the PH domain
can bind PIP2 [9], there is a site between conserved sequences II and III which
also binds PIP2 and is required for activity [8]. Phosphatidylinositol 3,4,5-trisphosphate (PIP3) can also stimulate activity, but other phospholipids have little or no
effect.
As indicated above, there are multiple plant PLDs (at least 12 genes), which can
be grouped into five types (a, b, c, d and f) [6]. PLDa, which is designated conventional, is active at millimolar concentrations of Ca2+, whereas the b and c iso-

56

4 Phospholipase D

Schematic depiction of members of
the PLD superfamily. Boxes show conserved
sequences I–IV; hPLD1a and b are the alter-

Fig. 4.1

natively spliced versions of human PLD1.
PLD2 is the mouse isozyme.

zymes depend on PIP2 and are maximally active at micromolar Ca2+ [6]. The d isozyme is activated by oleic acid, and the f isozyme contains PX and PH domains
and is Ca2+-independent and selective for PC [6]. In contrast, there are only two
mammalian PLD genes whose protein products (PLD1 and PLD2) are alternatively spliced and show approximately 50% amino acid sequence identity [11, 12].
PLD1 is regulated in vivo and in vitro by protein kinase C (PKC) and small G proteins of the Rho and Arf families. In contrast, PLD2 has a high basal activity and
is not affected by PKC or Rho or Arf proteins in vitro. The focus of this chapter is
mainly on the mammalian PLD isozymes.

4.2

Structure and Catalytic Mechanism of Mammalian Phospholipase D

No mammalian PLD has been crystallized and its three-dimensional structure determined. However, the structure of a PLD from Streptomyces has been determined and that of the Nuc endonuclease from E. coli, which is a low molecular
mass (16 kDa) member of the PLD superfamily [13, 14]. The crystal structure of
another member of the PLD superfamily, tyrosyl-DNA phosphodiesterase, has

4.2 Structure and Catalytic Mechanism of Mammalian Phospholipase D

been determined [15]. This enzyme catalyzes the hydrolysis of the phosphodiester
bond between a tyrosine residue and a DNA 3' phosphate. The Nuc protein crystallizes as a dimer, with the conserved HKD sequences adjacent to each other to
produce a single active site [14]. Each monomer consists of an 8-strand b-sheet
flanked by five a-helices. The active site residues are held together by a network of
H bonds that involve not only the conserved His, Ser and Asn residues, but also
adjacent Glu residues. Substrate binding involves the His, Lys and Asn residues
of the HKD motif, with the Lys and Asn neutralizing the negative charge on the
substrate phosphate and also the His residues during catalysis [14].
The Streptomyces PLD consists of two highly interacting components of similar
topology [13]. Overall, the structure is very similar to the Nuc dimer. Each component consists of a b-sheet of 8–9 strands surrounded by nine a-helices. The catalytic center is also very similar to that of the Nuc dimer. Crystallization with a
phosphate buffer indicates that the phosphate head group of the substrate lies in
contact with His, Lys and Asn residues contributed from both HKD domains [13].
The tyrosyl-DNA phosphodiesterase is also composed of two similar domains related by a 2-fold axis of symmetry [15]. Conserved His, Lys and Asn residues are
contributed by each domain to form the active site. Thus the structure and catalytic mechanism of this enzyme are very similar to those of other PLD superfamily
members. A derived structure for the catalytic core of mammalian PLD1 is shown

Deduced catalytic core of PLD1. The
structure was derived by molecular modeling
of Streptomyces PLD. Structures in center are

Fig. 4.2

His and Lys residues contributed by the two
HKD motifs.
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in Fig. 4.2. This was derived by molecular modeling based on the Streptomyces enzyme [13].
The catalytic mechanism involves a two-step (ping-pong) reaction with the formation of a covalent phospho-enzyme intermediate, with one of the His residues
acting as the nucleophile. The second His then acts as a general acid to donate a
H+ to the O of the leaving group [14]. This mechanism is supported by mutational studies [4], experiments with hydroxylamine, and also by the labeling of His
with 32Pi in phosphate–water exchange experiments [16].
The structure of the catalytic center of mammalian PLDs and also the catalytic
mechanism are probably very similar to those reported above. In fact, there is evidence that the HDK motifs in conserved sequences II and IV must dimerize to
form the catalytic center [17, 18] (Fig. 4.2). However, mutational studies indicate
additional roles for conserved sequence III and also the extreme C-terminus [19,
20]. What roles these sequences play in catalysis are presently unknown. Interestingly, deletion of the PH and/or PX domains does not reduce the catalytic activity
of mammalian PLDs [17, 21–23].

4.3

Cellular Locations of PLD1 and PLD2

The cellular locations of the mammalian PLD isozymes remain controversial.
This is because immunological detection of the endogenous isozymes in cells has
largely been unsuccessful, and most studies have utilized overexpression of epitope- or GFP-tagged PLDs. Consequently, the possibility of mislocalization of the
overexpressed enzymes is a key issue in these studies. Subcellular fractionation
studies have indicated that both PLD1 and PLD2 are membrane bound, except
when the expression level is high [17, 24, 25]. Phosphorylation and palmitoylation
of the enzymes can alter their membrane association [17, 24–26]. These posttranslational modifications will be considered in the next section.
Studies of PLD activity in different subcellular fractions identified the enzyme
in plasma membranes and intracellular membranes such as Golgi, nuclear membranes and secretory vesicles [27, 28]. However, these studies did not distinguish
between PLD1 and PLD2. There has been one study of native PLD1 utilizing immunofluorescence with very sensitive antibodies, immunogold electron microscopy and cell fractionation [29]. This localized PLD1 predominantly to the Golgi
apparatus, but there was some localization to lysosomes and late endosomes. In
general, overexpressed tagged PLD1 exhibits a perinuclear and punctate cellular
distribution. It has been reported to be present in Golgi, endoplasmic reticulum,
early endosomes, lysosomes, secretory granules and the plasma membrane [12,
26, 28, 30–33]. However, there are large discrepancies between the localizations reported by different groups. Whether the differences are due to the extent of overexpression of PLD1 or result from the use of different methodologies and cell
types remains to be resolved. Overexpressed PLD2 appears to be localized to the

4.4 Post-translational Modification of PLD

plasma membrane [12, 33–35], but there is evidence that the endogenous enzyme
is associated with the Golgi [36]. PLD activity, including PLD1 and PLD2, has
been identified in caveolae [37–42] which probably accounts, in part, for their
presence at the plasma membrane. Co-localization of PLD1 and PLD2 with the actin cytoskeleton has also been reported [43].

4.4

Post-translational Modification of PLD

Several studies have shown that PLD1 and yeast PLD (Spo14) are phosphorylated
under basal conditions. The phosphorylation involves Ser and Thr residues and
results in relocalization of the enzymes and the appearance of slower migrating
enzyme species on SDS polyacrylamide-gel electrophoresis [18, 24, 43, 44]
(Fig. 4.3). The phosphorylation of PLD1 occurs predominantly in the N-terminal
half of the enzyme and appears to have little effect on the intrinsic catalytic activity of the enzyme [18]. However, cell fractionation studies have shown that the
phosphorylated form of overexpressed PLD1 is not present in the cytosol, in contrast to the non-phosphorylated form, indicating that phosphorylation increases
membrane association of the enzyme [18]. Treatment of cells with phorbol ester
or overexpression of PKCa results in further phosphorylation of PLD1, but this is
associated with a loss of activity [45]. Basal Ser/Thr phosphorylation of PLD2 is
low compared with that of PLD1. However, addition of phorbol ester or expression of PKCa greatly increases this.
Another post-translational modification of PLD1 and PLD2 is palmitoylation
[25, 46]. This occurs on two specific Cys residues (C240, C241 in PLD1 and C223,
C224 in PLD2) [24–26]. The requirements for palmitoylation have been studied in
detail for PLD1. The modification requires the presence of the N-terminal 168

Phosphorylated and non-phosphorylated forms of PLD1 shown by gel
electrophoresis and phosphatase treatment. Panel (A) The N-terminal half of
rat PLD1 (rPLD1NT) was expressed in
COS7 cells and immunoprecipitated. The
immunoprecipitates were treated with a
Ser/Thr phosphatase in the absence and
presence of a phosphatase inhibitor (microcystin) and then subjected to gel electrophoresis and Western blotting. The figure shows that the phosphatase eliminated the upper (phosphorylated) band,
whereas microcystin restored it. (B) The
same experiment utilizing full-length rat
PLD1 (rPLD1).

Fig. 4.3
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amino acids of the enzyme and also the PH domain, but does not depend on the
catalytic activity of the enzyme [24]. Mutation of C240 and C241 does not alter the
catalytic activity of the enzyme in vitro, but causes some reduction in vivo. The
mutation does, however, reduce the association of PLD1 with membranes and
decreases its modification by Ser/Thr phosphorylation [24]. Similar changes in in
vivo enzyme activity and membrane association are observed when C223 and
C224 are mutated in PLD2 [25].
The determinants of membrane association of PLD1 and PLD2 are complex. As
indicated above, phosphorylation and palmitoylation play a role. There is also evidence for involvement of the PH domain [9]. Surprisingly, mutation of a PIP2
binding site located between conserved sequences II and III did not alter membrane association of PLD2 [8].

4.5

Regulation of PLD1 and PLD2
4.5.1

Role of PIP2

The regulation of PLD is complex, but both mammalian isozymes depend on PIP2
for activity, and no other phospholipid, except PIP3, can substitute [8, 11, 12, 46, 47].
The PH domain can bind PIP2 [9], but the relationship of this binding to the activity
of the enzyme is unclear since deletion of the domain has no effect on the ability of
PIP2 to activate PLD2 [8]. Conversely, the PIP2 binding site located between conserved sequences II and III of PLD2 contains critical residues that are required to
stimulate the enzyme by PIP2 [8]. These residues are in a highly conserved
sequence of 21 amino acids, and are predominantly basic. Although mutations of
these residues cause loss of activity, the mutant enzymes are still membrane-associated and show unchanged cellular localization [8]. As noted above, certain plant
PLDs (b- and c-isozymes) also depend upon PIP2 [6]. Certain other phosphorylated
inositol phospholipids are also active, but PIP2 is the most efficacious [48]. The PIP2
binding site has been identified in PLDb [48] and corresponds to the site identified in
mammalian PLD2 [8]. It contains several of the same conserved Arg and Lys residues, and mutation of these leads to a loss of activation by PIP2. Interestingly,
PIP2 causes a conformational change that promotes the binding of PC to the catalytic domain of PLDb [48]. This binding is reduced in enzymes with deletions or mutations of conserved Lys residues in the binding site.
Studies utilizing intact mammalian cells have shown that neomycin and C. difficile Toxin B, which reduce PIP2 levels, inhibit PLD activity [49–51]. Conversely, coexpression of PLD1 or PLD2 and PI 4-P 5-kinase, which synthesizes PIP2, results
in increased PLD activity [52]. When a kinase-dead mutant of PI 4-P 5-kinase is
transfected in place of the wild-type enzyme, the increase in PLD activity is much
less [52].

4.5 Regulation of PLD1 and PLD2

4.5.2

Role of PKC

PKC was recognized early as an important regulator of PLD. Thus, addition of
phorbol esters to intact cells in vivo and of PKC to membranes or purified preparations of PLD caused a marked increase in PLD activity [53]. A surprising observation emerging from in vitro studies was that PKC could activate PLD in the
absence of ATP and without evident phosphorylation [11, 47, 54–57]. When the
different isozymes of PLD were cloned and characterized, PLD1 was shown to be
activated by PKCa in vitro whereas PLD2 was unresponsive [11, 12, 47]. Another
unexpected finding was that the in vitro activation of PLD1 was only observed
with the a- and b-isozymes of PKC [11, 47]. Surprisingly, addition of ATP did not
enhance the activation of PLD1 by PKC, but caused inhibition [11, 47]. Consistent
with a direct interaction between PKCa and PLD1, in vitro binding of the two proteins was demonstrated by several techniques and was enhanced by PMA [58, 59].
The interaction between PKCa and PLD1 predominantly involves the N-terminus of the phospholipase, although there is evidence for some interaction with
the C-terminus [21, 23, 60]. The involvement of the N-terminus is shown by the
fact that its deletion leads to a loss of activation of PLD1 by PKCa in vitro or by
phorbol ester in vivo [17, 21, 23]. Measurements of binding between PKCa and
PLD1 also implicated the N-terminus of the phospholipase [23, 59], although another site(s) might be involved [23]. The sites of interaction for PLD1 on PKCa are
also multiple since neither the regulatory nor catalytic domain alone is sufficient
to activate PLD1, and it appears that the holoenzyme is required [45]. Currently,
the precise sequences in either PLD1 or PKCa that are involved in the interaction
are unknown. As alluded to above, PLD1 can be phosphorylated by PKCa in vivo
and in vitro [41, 45, 47, 51] and this leads to inhibition of its catalytic activity [45,
47]. The phosphorylation sites are multiple [61] and it is unclear which sites are
associated with inhibition of activity. In one study, three phosphorylation sites
(Ser2, Thr147 and Ser561) were identified in partially purified PLD1 phosphorylated by PKCa in vitro by analysis of P-peptides by mass spectrometry [61]. Single
or triple mutations of these residues caused a partial loss of PLD1 activation by
PMA in COS7 cells. Although these data indicate that phosphorylation of these
residues is associated with some activation of PLD1 by PKC in vivo, since PMA
(PKC) induced the phosphorylation of more and different residues in vivo than in
vitro, it seems that the phosphorylation of other residues may be involved in the
inhibition of PLD1 in vivo.
Both PLD1 and PLD2 can be activated by PKC in intact cells [62, 63], whereas
only PLD1 can be activated in vitro [11, 12, 47]. However, this difference may reflect the in vitro assay conditions rather than an intrinsic difference between the
two isozymes. The ability of phorbol esters such as PMA to activate PLD in vivo
has been demonstrated in many cell types [62–64]. The role of PKC isozymes in
this effect has been shown by the inhibitory effects of relatively selective PKC inhibitors such as Ro-31-8220, bisindolylmaleimide I, Gö6076, calphostin C, bryostatin and chelerythrine [53]. Most of these inhibitors target the ATP binding site of
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PKC and block the phosphorylation of PLD [45]. However, as described above, in
vitro and in vivo studies of the phosphorylation of PLD1 by PKCa indicate that
phosphorylation causes inhibition rather than stimulation of the catalytic activity
of this isozyme. Thus the decrease of PLD activity induced by the inhibitors in
vivo cannot be explained in terms of reduced phosphorylation. It probably occurs
because the inhibitors also block the interaction between PKCa and PLD1.
Another approach to exploring the role of phosphorylation in the activation of
PLD by PKC in vivo has entailed the use of kinase-dead mutants of PKC isozymes. As expected, such mutants have greatly impaired ability to phosphorylate
PLD1 or PLD2 in vitro or in vivo. In one study, the kinase-dead D481E PKCa mutant could still activate PLD1 in COS-7 cells, but the subsequent decline in PLD
activity observed after the peak of activation was much less than seen with wildtype PKCa [45]. These data indicate that phosphorylation is not required for the
initial activation of PLD by PKC, but causes a slow inhibition of PLD activity. In
another report utilizing wild-type and kinase-dead PKCa in human melanoma cell
lines, evidence was obtained for PKC regulation of PLD1 by both protein–protein
interaction and phosphorylation mechanisms [65]. However, differences in the expression of PLD1 induced by wild-type and kinase-dead PKCa were not controlled
for. In a study of the effects of wild-type and kinase-dead PKCd on PLD2 activity
in PC12 cells, the mutant kinase suppressed endogenous and PLD2 activity well
below control levels [66], indicating that it acted mainly as a dominant negative to
block the action of endogenous PKC isozymes. Although several PKC inhibitors
decreased PLD2 phosphorylation and activity, there was not a good correlation between these changes. As noted above, these inhibitors can block the interaction of
PKC with PLD. In summary, the role of phosphorylation in the activation of PLD1
and PLD2 by PKC remains open to serious questions.
Irrespective of the mechanism by which PKC activates PLD in vivo, there is
much evidence that it plays a major role in the activation of the phospholipase by
many agonists (Fig. 4.4). Thus PKC inhibitors often block the effects of agonists
on PLD, although the extent of the inhibition may vary depending on the agonist
and cell type [67]. Down-regulation of PKC by prolonged treatment with phorbol
esters also causes partial or complete abrogation of the ability of growth factors
and agonists coupled to G protein-linked receptors to activate PLD [67]. Mutant
growth factor receptors that are unable to stimulate phosphoinositide phospholipase C (PLC) and thus cannot activate PKC are also incapable of activating PLD
[68]. Likewise, in fibroblasts lacking PLCc, the PLD response to platelet-derived
growth factor (PDGF) is impaired [69]. In contrast, in fibroblasts overexpressing
PLCc the response is enhanced [70]. Overexpression of PKCa or PKCb also increases the response of PLD to PMA, PDGF and other agonists [71–73], while depletion of PKCa by antisense methods decreases the activation [74]. In cells expressing a peptide that binds to RACK1, a receptor for PKC, there is inhibition of
the actions of conventional PKC isozymes and a loss of PMA-stimulated PLD activity [75].
Since both PLD1 and PLD2 are membrane-associated, translocation of PKC isozymes to membrane loci is an essential component of the mechanism by which
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Roles of PKC isozymes and Rho family proteins in the activation of PLD by growth
factors and G protein-coupled agonists. The
activation of PKC isozymes and Rho proteins

Fig. 4.4

by agonists activating either tyrosine kinases
or G proteins is depicted. The activated PKC
isozymes and Rho proteins translocate to
membranes to induce activation of PLD there.

they activate the PLD isozymes. Numerous studies have demonstrated that phorbol esters and agonists that activate PLC induce the membrane translocation of
conventional (classical) and novel PKC isozymes [76]. The translocation is rapid
and occurs on a time scale consistent with the activation of PLD [31, 45]. There is
also a rapid association between PKCa and PLD1 in cells treated with phorbol ester [31, 59]. The association of PKCa with the membrane fraction and with PLD1
occurs more rapidly than the phosphorylation of PLD1 [45], which is consistent
with protein–protein interaction as the mechanism for the initial activation of the
phospholipase.
In vitro observations have demonstrated a marked synergism between PKC and
Rho or Arf in the activation of PLD1 [11, 56]. The molecular basis of this synergism is unknown, but binding of these regulators to the phospholipase must induce conformational changes that interact to produce enhanced activation. As indicated elsewhere in this chapter, PKC interacts with the N-terminal region of
PLD1, but probably has an additional site(s). Rho binds to a sequence in the C-terminus, but the site of interaction of Arf is unknown.
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4.6

Role of Rho Family GTPases

Early studies showed that purified or membrane-associated PLD could be stimulated in vitro by Rho and Arf in the presence of GTPcS [64]. Subsequently, the
PLD1 isozyme, but not the PLD2 isozyme, was shown to respond to these
GTPases [11, 12, 22, 46, 47, 77]. PLD1 was further shown to be stimulated by all
the major members of the Rho family (RhoA, RhoB, Rac1, Rac2 and Cdc42Hs).
However, Rho was more effective than Rac or Cdc42 [11, 78, 79]. Geranylgeranylation of these GTPases greatly enhanced their effects [78].
Expression of constitutively active V14RhoA or V12Rac1 enhances the activity of
the endogenous PLD of COS cells or fibroblasts [60, 77, 80, 82], and expression of
the dominant negative forms of these GTPases in these cells can suppress the activation of PLD by epidermal growth factor (EGF), PMA and Ga13 [82–84]. In
further support for a role of Rho proteins in the activation of PLD in vivo, many
studies have shown that RhoA and Rac1 are activated by many agonists and translocated to cell membranes [53] (Fig. 4.4).
Clostridial toxins (C3 exoenzyme, Toxin B) that inactivate Rho proteins attenuate agonist activation of PLD in several cell lines [82–89]. The toxins also inhibit
the activation of the enzyme by GTPcS in vitro [87, 89, 90]. These data implicate
Rho in the regulation of PLD in vivo. This may involve direct activation of the enzyme by Rho [11, 47, 78, 79] or indirect regulation of its activity through changes
in the level of PIP2 [51]. The indirect mechanism arises because Rho activates PI
4-P 5-kinase, the enzyme that synthesizes PIP2 [91–93].
Several studies have localized the interaction site for Rho proteins on PLD1 to a
sequence in the C-terminus [4, 80, 81, 94]. These studies have utilized the yeast 2hybrid system, co-immunoprecipitation and pull-down experiments with PLD1
fragments, and examinations of the effects of PLD1 mutations on RhoA binding
and activation. Concerning the residues in RhoA involved in the activation of
PLD1, these are located in the activation loop of this GTPase, as expected [78].
However, other residues determine the greater efficacy of RhoA compared with
Rac and Cdc42. A detailed study of the interaction of Cdc42 with PLD1 showed
that a critical residue (Ser124) in the insert helix of the GTPase is involved in the
activation mechanism [79]. Interestingly, different mechanisms are involved in the
activation of PLD1 by different Rho family members, accounting for their different efficacies [79]. RhoA, Rac1 and Cdc42 bind initially to PLD1 through their
Switch 1 regions. Interaction between the phospholipase and the insert helix of
RhoA, but not Rac1, results in further activation. Stimulation of PLD1 by Cdc42
only occurs through interaction with the insert helix, with Ser124 playing a critical role [79]. All Rho proteins show a strong synergistic action with PKCa and Arf
to activate PLD1 in vitro [11, 56, 95]. The molecular basis for this synergism is unknown, but probably involves interactions between the conformational changes induced by these proteins.

4.7 Role of Arf Family GTPases

4.7

Role of Arf Family GTPases

Arf was the first small GTPase shown to activate PLD [7, 96]. Subsequently it was
found that all mammalian Arf isoforms (Arf 1–6) could stimulate the enzyme,
although with differences in efficacy [97–99]. In line with other studies, the potency of Arf to stimulate PLD was greatly increased by myristoylation of a residue
at the N-terminus (Gly2) [97–100]. PLD1 shows a large response to Arf in vitro,
whereas PLD2 shows little or no response [11, 12, 22, 46, 47, 60, 101, 102]. As
noted above, Arf and Rho proteins interact synergistically to activate PLD1, and
this is true for Arf and PKCa [11, 56, 95]. The interaction site on Arf for PLD1
has been localized to the N-terminus [103, 104], and differs from that for cholera
toxin activation or coatamer binding. Conversely, the site on PLD1 at which Arf
interacts is undefined, although it is not at the N-terminus [23].
The role of Arf in the in vivo activation of PLD remains unclear for Arfs 1–5,
but there is more evidence for Arf6. Whereas Arfs 1–3 are associated with the
Golgi, the subcellular distribution of Arfs 4 and 5 is unclear. In contrast, Arf6 is
predominantly associated with the plasma membrane where it cycles between this
membrane and the cytosol and a vesicular compartment as a function of its GTP/
GDP binding [105–109]. Stimulation of chromaffin cells induces translocation of
Arf6 to the plasma membrane and an associated increase in PLD activity [109]. In
addition, treatment of the cells with a myristoylated peptide corresponding to the
N-terminal sequence of Arf6 inhibits PLD activation [109]. Similar results have
been obtained with this peptide in myometrium [110].
In permeabilized HEK293 cells expressing the M3 muscarinic receptor, ARF1
restored the response of PLD to GTPcS [111] as found for HL60 cells [96]. The
stimulatory effect of carbachol was also inhibited by brefeldin A, an inhibitor of
some guanine exchange factors (GEFs) for Arf [111]. Other studies have reported
inhibitory effects of brefeldin A on agonist-induced PLD activation [112–115], but
this has not been uniformly observed [84, 116] perhaps due to the involvement of
different GEFs.
There have been other approaches to defining a role for Arf in agonist activation of PLD. For example, PMA, GTPcS and certain agonists cause membrane
translocation of Arf to sites of PLD activity [109, 117–120]. In two studies, expression of catalytically inactive mutants of Arf1 and Arf6 blocked agonist activation
of PLD [112, 113], but there have been no other reports of the effects of these
dominant negative forms of Arfs. Involvement of GEFs of the ARNO family in
PLD activation has been indicated by the effects of overexpression of mSec7/
ARNO on PLD activation [121]. ARP, an ARF-related protein that binds to ARNO,
inhibited the stimulation of PLD induced by stimulation of the M3 muscarinic receptor [121]. Another approach to defining a role for Arf in PLD activation has involved the use of the Arf inhibitor Arfaptin 1 [122]. This agent impairs the activation of PLD in vitro and in vivo [99, 123, 124]. Like RhoA, Arf1 and Arf6 can activate PI 4-P 5-kinase [125, 126] and may therefore also regulate PLD through
changes in PIP2.
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4.8

Role of Tyrosine Kinase

Growth factor receptors and receptors linked to the activation of soluble tyrosine kinases transduce signals leading to the activation of PLD [127]. However, the mechanism appears to be mainly indirect, i.e. it involves the PKC and Rho pathways. In
many cells, inhibitors of tyrosine kinases decrease the activation of PLD by many
agonists, but the specific kinases involved and the mechanisms by which they activate PLD are unclear [67, 128]. Vanadate, an inhibitor of protein tyrosine phosphatases, stimulates PLD activity in several cell lines either alone or in combination
with H2O2 [67]. Although there is evidence that H2O2 and vanadate induce phosphorylation of PLD on Tyr residues, there is scant evidence that this occurs with agonists [67, 129, 130]. Furthermore, it is unclear that the phosphorylation seen with
H2O2 or vanadate is responsible for the activation [129]. PLD2 is constitutively associated with the EGF receptor in transfected HEK293 cells and is activated by EGF in
these cells [35]. The enzyme is phosphorylated on a specific Tyr residue (Tyr11), but
mutation of this residue does not alter the activation of PLD2 by EGF [35].

4.9

Role of Ral

Recent evidence has implicated Ral, a member of the Ras subfamily of GTPases,
in the activation of PLD by v-Src and v-Ras in vivo [131]. There is also a functional
association between RalA and PLD1 in cell lysates, although this does not lead to
activation of the phospholipase [131]. Later work showed that Arf could associate
with Ral-PLD1 complexes [132, 133] and that RalA could enhance the effect of
Arf1 on PLD1 activity [133]. Certain clostridial toxins that inactivate members of
the Ras subfamily [88, 134] inhibit the activation of PLD induced by PMA in vivo
or GTPcS in vitro [88, 135]. Ral, but not other GTPases, could restore the activation by PMA [88], and variants of one toxin further supported a role for Ral in the
GTPcS effect [135]. Expression of dominant negative or constitutively active forms
of RalA in 3Y1 cells also implicated this GTPase in the regulation of PLD [136,
137].

4.10

Cellular Functions of PLD

PLD has been implicated in many functions in mammalian and plant systems. In
yeast, it is required for sporulation because of its role in completion of meiotic divisions and formation of the prospore membrane [138, 139]. It may also be involved in the lipid changes required for membrane trafficking [139]. In plants,

4.11 Role of PLD in Growth and Differentiation

PLD plays important roles in the response to wounding and other stresses
through mediating the actions and production of stress hormones [140]. PLDa is
specifically involved in the actions of abscisic acid and ethylene in plant senescence and in the control of water loss [140, 141]. Different stresses in plants lead
to different expression patterns for PLD isozymes.
In mammalian systems, PLD has been suggested to play roles in growth and
differentiation, secretion, vesicle trafficking and transport, cytoskeletal rearrangements, superoxide production in phagocytes, protein translation and the production of lysophosphatidic acid (LPA).

4.11

Role of PLD in Growth and Differentiation

Early work implicating a role for PLD in growth regulation involved the addition
of exogenous PA or PLD to cells. Although most PA preparations were contaminated with LPA, a known mitogen, some studies indicated that PA itself was active [67]. Some experiments with exogenous PLD likewise suffered from the possibility that LPA was generated, but in others the effects of LPA were controlled for
[142]. Some PLD inhibitors (2,3-diphosphoglycerate and carbobenzyloxy-leucinetyrosine-chloromethyl ketone) have also been used to define a role for PLD [143],
but these are rather nonspecific. In contrast, primary alcohols, e.g. butan-1-ol, are
frequently used to explore the role of PLD in the cellular actions of agonists
(Fig. 4.5). Whereas primary alcohols reduce the formation of PA because they induce the formation of phosphatidyl alcohols through the transphosphatidylation
reaction, secondary or tertiary alcohols, which are poor substrates, have little effect

Mechanisms of agonist activation of
PLD and inhibition of PA formation by primary butanol. The roles of PKC isozymes and
Rho proteins in agonist activation of PLD are
described in the legend to Fig. 4.4. Phosphati-

Fig. 4.5

dylcholine (PC) is the principal substrate of
PLD. Primary butanol (1-BuOH) competes
with H2O as nucleophile in the enzyme reaction and phosphatidylbutanol (Ptd BuOH) is
formed at the expense of PA.
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on PA generation and can be used as controls. Thus, mitogenesis induced by angiotensin II in vascular smooth muscle cells is blocked by butan-1-ol, which inhibits PA production, and not by butan-3-ol, which does not alter PA levels [144].
Stable overexpression of PLD1 in fibroblasts results in enhanced MAP kinase activity in response to LPA, and this is decreased by butan-1-ol [145].

4.12

Role of PLD in Vesicle Trafficking in Golgi

Although there is much evidence that PLD plays a role in vesicle trafficking in
the Golgi, there are some contrary findings. The function of Class I Arfs in the recruitment of coatamer (COP) proteins and adaptor proteins to Golgi membranes
is well established. Golgi preparations possess an Arf-stimulated PLD activity [27,
28, 146, 147] and some studies have localized endogenous PLD1 and PLD2 to the
Golgi [29, 36]. In support of a role for PLD in vesicle trafficking in this organelle,
cells with high constitutive PLD activity have been observed not to require Arf to
form coatamer-coated vesicles [148]. Furthermore, ethanol inhibited vesicle formation in Golgi incubated with Arf. Addition of PLD to Golgi membranes also induced coatamer binding and vesicle formation in the absence of Arf [148]. The addition of primary alcohols inhibited transport from the ER to the Golgi, an effect
that was reversed by PA [149].
The release of secretory vesicles from the trans-Golgi network in permeabilized
pituitary cells was stimulated by PLD1 and inhibited by butan-1-ol [147]. Vesicle
budding was also increased when PA was generated by the combined action of
PLC and DAG kinase [150]. In contrast, one group reported that PA levels in Golgi membranes declined during vesicle budding [151]. Another group made mutations in Arf3 and found a poor correlation between the effects of these mutations
on PLD activity and coatamer recruitment [152]. Likewise, an N-terminal deletion
mutant of ARF1 was observed to prevent the effect of Arf1 on coatamer binding
to Golgi membranes, but have no effect on PLD activation [104]. Thus the role of
PLD in Golgi trafficking remains controversial.

4.13

Role of PLD in Exocytosis and Endocytosis

Secretion in a number of cell types has been reported to be inhibited by primary
alcohols [67]. Further support for a role of PLD comes from several studies. These
include the stimulation of matrix metalloproteinase 9 secretion by PA [153], the
identification of PLD in secretory granules, and the translocation of PLD-containing vesicles to the plasma membrane in response to f-Met-Leu-Phe (FMLP) or activation of the IgE receptor [119, 154]. In chromaffin cells, stimulation leads to

4.14 Role of PLD in Superoxide Formation

translocation of Arf6 to the plasma membrane and concomitant activation of PLD
[109]. In addition, a myristoylated peptide corresponding to the N-terminus of
Arf6 blocked both PLD activity and catecholamine secretion [155]. Antibodies to
ARNO also inhibited both of these actions. Overexpression of PLD1 in PC12 or
chromaffin cells increased catecholamine secretion, whereas a catalytically inactive
form of the enzyme inhibited this [33]. Microinjection of a catalytically dead mutant of PLD1 (K898R) into Aplysia neurons also inhibited acetylcholine release,
most likely by controlling the number of functional release sites at nerve terminals [156].
Concerning endocytosis, the internalization and degradation of EGF receptors is
inhibited by primary, but not secondary alcohols [157]. Overexpression of PLD1
and PLD2 reduces surface levels of the EGF receptor, but this is not observed with
catalytically inactive mutants [157]. The activation of MAP kinase by EGF depends
on the internalization of the EGF receptor [158], and there is evidence that this is
inhibited by butan-1-ol, but not butan-2-ol [157]. The fusion of early endosomes
may also involve PLD since this is stimulated by exogenous PLD and blocked by
butan-1-ol, but not butan-2-ol [159]. A role for the phospholipase in the assembly
of clathrin coats on lysosomes has also been reported [160].
PLD may play a role in the trafficking of the GLUT4 glucose transporter. Using
Myc-tagged PLD1, the enzyme was shown by immunofluorescence to partly co-localize with the GLUT4 glucose transporter, which is involved in insulin-stimulated glucose transport [161]. Microinjection of PLD into adipocytes potentiated the
effect of insulin on GLUT4 translocation [161]. Furthermore, butan-1-ol was observed to inhibit glucose transport in these cells.

4.14

Role of PLD in Superoxide Formation

Superoxide (O–2) production by neutrophils and macrophages is part of the host
defenses against microorganisms. PLD has been implicated in this response because agents that elicit O–2 formation also activate PLD [162–164]. In addition, in
vitro experiments showed that PA elicited NADPH-dependent O–2 formation in
neutrophil extracts or intact neutrophils [165, 166]. Some studies also showed a
high correlation between O–2 production and PA accumulation in neutrophils stimulated with FMLP [167]. Furthermore, treatment of these cells with ethanol decreased both PA formation and O–2 generation.
In vitro studies also showed a synergism between PA and diacylglycerol (DAG)
in the activation of NADPH oxidase [168]. Evidence was presented that the effect
was mediated by a PA-stimulated protein kinase [169] that phosphorylated the
p47phox and p22phox subunits of the oxidase complex [170, 171]. Conventional PKC
isozymes could also phosphorylate the p22phox subunit, implying a PA-independent mechanism [171]. Some studies have also shown direct regulation of the system by PA and DAG.
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4.15

Role in Actin Cytoskeleton Rearrangements

The actin cytoskeleton is important in cell shape changes, polarization, motility,
chemotaxis, metastasis and cell division, and Rho family proteins play critical
roles in these effects. The involvement of PLD in changes in the actin cytoskeleton was first suggested by the effects of exogenous PLD and PA, which induced
actin stress fiber formation and also increased the F-actin content of fibroblasts
[172, 173]. Another study utilizing endothelial cells also showed that PA that was
free of LPA induced actin stress fiber formation [174]. Furthermore, the effects of
LPA to induce this change in the actin cytoskeleton and also PA formation were
blocked by butan-1-ol, but not butan-2-ol [174] (Fig. 4.6).
More recently, Rat2 cell lines that stably express a dominant negative form of
PLD1 have been generated. These show reduced PLD responses to PMA and LPA
and fail to show normal actin stress fiber formation in response to LPA [32]. Measurements of RhoA activation and Rho kinase activity indicate that PLD is not required for these changes [32], and the role of PLD1 appears to be downstream of
Rho kinase. The precise function of PLD1 in the actin cytoskeletal changes has
not been defined, but may involve the maintenance of PIP2 levels since PA activates type 1 PI 4-P 5-kinase [92, 175, 176] and PIP2 affects the function of many
actin-associated proteins. A recent study has indicated a role for PLD-generated
PA in the actin cytoskeletal changes involved in membrane ruffling in antigenstimulated mast cells [177]. The ruffling response is blocked by butan-1-ol and restored by removal of the alcohol. PLD2 was found to be localized to membrane
ruffles together with Arf6 [177]. Antigen-stimulated PIP2 formation depends on
both Arf6 and PLD-derived PA.
The association of PLD with the actin cytoskeleton is indicated by other studies
[42, 178]. Thus b-actin has been shown to bind directly to PLD1 and PLD2 [42].
Immunocytochemistry has also shown an association between both PLD isozymes
with the actin cytoskeleton in intact cells.

Inhibition of LPA-induced stress fiber formation in fibroblasts by primary butanol. Rat 1 fibroblasts were treated with LPA
and actin stress fibers were visualized with

Fig. 4.6

Texas red X-phalloidin. Addition of primary
butanol (1-BuOH) inhibited stress fiber formation, whereas secondary butanol (2-BuOH)
had no effect.

4.17 Role of PA in Other Cellular Systems

4.16

Role in Lysophosphatidic Acid Formation

LPA is an important extracellular signal that is released from platelets and other
cells. It produces many cellular responses through interaction with several G protein-coupled receptor subtypes, formerly called Edg receptors and now termed
LPA receptors [179, 180]. LPA can be generated by cells through several pathways.
One is from PA through the action of specific phospholipases of the A1 and A2
subtypes [181–183]. These generate 2-acyl-LPA and 1-acyl-LPA, respectively. Another pathway is through the action of a lysophospholipase D (autotaxin) on cell
surface lyso PC [184, 185]. Although LPA is an intermediate in the synthesis of
triacylglycerol and most phospholipids in the endoplasmic reticulum, this form
does not seem to be the source of released LPA.

4.17

Role of PA in Other Cellular Systems

It is generally agreed that PA is the major signaling molecule produced by PLD
action. Numerous in vitro effects of PA have been reported. As indicated above, it
has been shown to affect mitogenesis, the actin cytoskeleton, O–2 production and
vesicle trafficking in Golgi and other organelles. It also can activate PI 4-P 5-kinase [92, 175, 176], bind to Raf1 kinase [186], stimulate PTP1C tyrosine phosphatase [187] and PDE4A5 and PDE4D3 cAMP phosphodiesterases [188, 189], PP1
Ser/Thr phosphatase [190], and alter the activity of proteins that regulate Ras and
Rac [191–193]. A novel microdomain (TAPAS-1) has been identified at which PA
binds to PDE4A1 cAMP phosphodiesterase and anchors it to membranes [194].
Less defined effects are those on tyrosine phosphorylation, PLC isozymes, other
Ser/Thr protein kinases and PKC isozymes [53]. Recently a role for PA in the regulation of protein translation has been indicated by the observation that PA can
bind to mTOR, leading to phosphorylation and activation of the S6K1 protein kinase and the phosphorylation of 4E-BP1, which is an inhibitory binding protein
for the eIF-4E initiation factor [195]. The phosphorylation of the S6 ribosomal protein and activation of eIF-4E promotes the initiation of translation of 5' TOP and
5' capped mRNAs.
PA derived from PC can be converted into DAG through the action of phosphatidate phosphatase. It remains controversial whether DAG derived from this
source can activate PKC. Initial studies indicated that treatment of fibroblasts with
thrombin induced a rapid, transient phase of membrane translocation of PKCa
that was correlated with transient rises in DAG and Ca2+ due to PIP2 breakdown
[196]. In contrast, the membrane translocation of PKCe induced by thrombin persisted for at least an hour and was associated with a second prolonged phase of
DAG accumulation [196]. Platelet-derived growth factor (PDGF) did not induce
PKCa translocation, but caused a slow membrane association of PKCe which was
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correlated with the second phase of DAG accumulation [196]. This DAG was presumed to be derived from PC through PLD and phosphatidate phosphatase action, since it was not associated with IP3 production or an increase in Ca2+.
Other studies have indicated that PC and PLD are a major source of PA in cells
stimulated with various agonists [197–200] and several studies have confirmed biphasic formation of DAG, with the first phase derived from PIP2 and the second
from PC via PA [201–205]. Analyses of the specific fatty acid composition of PA
and PtdBut derived from cells treated with butanol and stimulated by bombesin
or LPA also showed a predominance of saturated and mono-unsaturated fatty
acids in the lipids derived from PLD action [206]. The fatty acid composition was
very different from that found in DAG generated by PLC action on PIP2, in which
polyunsaturated fatty acids predominate. The key issue is whether the DAG species derived from PC can activate PKC. Although studies indicate that this species
is active on PKC in vitro, this has not been demonstrated in vivo. As described
above [196], PC-derived DAG can activate Ca2+-independent PKC isozymes but, because of the lack of a Ca2+ rise, it cannot activate Ca2+-dependent PKC isozymes.
It is probable that additional physiological targets of PA will be found, and that
the full range of PLD actions in vivo is yet to be revealed.
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5

Sphingomyelinases and Their Interaction with Membrane Lipids
Félix M. Goñi and Alicia Alonso

5.1

Introduction and Scope

This chapter is devoted to sphingomyelinases, enzymes that catalyze the hydrolysis of sphingomyelin (ceramide phosphorylcholine) into ceramide and phosphorylcholine. The reaction is formally similar to that of a phospholipase C. Sphingomyelinases have long been known [1, 2], but the last decade has seen renewed interest after the discovery of the sphingomyelin signal transduction pathway [3–6].
Ceramide appears to be a lipid second messenger in programmed cell death
(apoptosis), cell differentiation and cell proliferation [reviews in 7–12; for the opposite point of view see 13], and sphingomyelinase is probably a major source of
ceramide in the cells, although this is also a debated point. This contribution is
based on a recent review [14] that we have modified according to several suggestions and criticisms received, and to which we have added what we consider as
the most significant novel data to have appeared since.
Two main aspects of sphingomyelinases are covered here, one corresponds to
“classical enzymology”, with a description of the known sphingomyelinases, and
of their properties. The second is more directly related to our experimental work,
and describes the interaction of sphingomyelinases with phospholipid bilayers,
and the mutual influence of enzyme and substrate properties. One important
function of sphingomyelinases may be related to changing membrane properties
(charge, fluidity, permeability) by transforming sphingomyelin into ceramide. The
present work does not cover the cell physiological effects of sphingomyelinases
and/or ceramides, which are described in detail in the above-mentioned reviews.

80

5 Sphingomyelinases and Their Interaction with Membrane Lipids

5.2

Sphingomyelinases
5.2.1

Types of Sphingomyelinases

Samet and Barenholz [15] proposed a useful classification of sphingomyelinases
into five categories. We shall follow rather closely their description, adding a sixth
group for a specific kind of bacterial sphingomyelinases.

5.2.1.1 Acid Sphingomyelinase (aSMase)

This soluble glycoprotein was the first described sphingomyelinase [1]. Its name
refers to its optimum activity at pH & 5, as befits its localization in lysosomes. It
is number EC 3.1.4.12 in the Enzyme Commission classification. The absence of
this enzyme is responsible for the neurological disorder known as the NiemannPick syndrome. It is the best characterized of sphingomyelinases [15, 16], and has
been cloned from human DNA and expressed in E. coli [17–19] and in insect Sf21
cells [20, 21]. In the latter case the recombinant protein is secreted as a 72 kDa
protein, as opposed to the 75 kDa molecule purified from human placenta, both
proteins having similar sphingomyelinase activity. The pattern of the six disulfide
bonds in human aSMase has been described recently [22]. The recombinant and
native (placental) human proteins possess an identical disulfide structure. Human
aSMase has also been overexpressed in Chinese hamster ovary cells [23], and the
authors have described the preparation and use of a fluorescent FITC-labelled
aSMase. Acid sphingomyelinases have been characterized from leukemia HL-60
cells [14], and thrombin-activated human platelets [24, 25]. The latter enzyme (70–
73 kDa) may not originate in the lysosomes [25]. A 58 kDa aSMase has been located in the lesional skin of atopic dermatitis patients [26].
Grassme et al. [27] described the overexpression of human aSMase in JY B cells
and in aSMase-deficient lymphocytes from patients with Niemann-Pick disease
type A. These authors made the important observation that, upon activation of the
surface receptor Fas (CD95), a SMase was translocated from its intracellular location to the plasma membrane outer leaflet, which is rich in sphingomyelin.
aSMase activity induced clustering of CD95 in sphingolipid-rich membrane rafts,
and subsequent apoptosis. Clustering was probably the result of lateral segregation of ceramide (Section 5.3.2). In a related observation Cremesti et al. [28]
showed that the anti-Fas antibody-induced lateral segregation (“capping”) of Fas
into one pole of the cell membrane was ceramide-dependent, and that SMase–/–
hepatocytes were defective in antibody-induced ceramide generation, capping and
apoptosis. aSMase in lysosomes appears to play a role in the defense against infection by intracellular pathogens. Ceramide generated by the enzyme activates
proteases like cathepsin D, and aSMase may be a mediator of the antibacterial effects of the tumor necrosis factor (TNF) and of interferon-gamma. Mice deficient
in aSMase were completely incapable of restricting the growth of Listeria mono-
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cytogenes, with which they had been infected [29]. The role of aSMase in ceramide
signaling and apoptosis has been reviewed by Gulbins and Kolesnick [30].

5.2.1.2 Secretory Sphingomyelinase (sSMase)

This enzyme arises from the acid sphingomyelinase gene via differential protein
trafficking of a common protein precursor; this precursor can be targeted to either
lysosomes (aSMase) or to the Golgi secretory pathway (sSMase) [31, 32]. The secretory enzyme is typically activated by physiological concentrations of Zn2+, but
Zn2+-independent forms may exist [32]. sSMases may be involved in signal transduction via the sphingomyelin pathway. sSMases has been reviewed in Ref. [33].
Secretory sphingomyelinase has been proposed to have a role in atherogenesis.
Serum low-density lipoprotein (LDL), when treated with bacterial sphingomyelinase, gives rise to LDL aggregates that became retained on the extracellular matrix and stimulate macrophage foam cell formation [34]. Schissel et al. [31]
showed that sSMase from arterial wall cells could hydrolyze and aggregate LDL
modified by oxidation, or extracted from human atherosclerotic lesions, at pH 7.4,
while native LDL could only be cleaved by sSMase at pH 5.5. Thus sSMase is,
probably, the arterial wall enzyme responsible for the hydrolysis of sphingomyelin
in LDL and subendothelial LDL aggregation, a key event in atherogenesis. In addition, macrophages from aSMase knockout mice, thus deprived of both aSMase
and sSMase, displayed defective cholesterol trafficking and efflux [35]. This may
implicate sSMase deficiency as a new atherosclerosis risk factor.

5.2.1.3 Neutral, Mg2+-dependent Sphingomyelinases (nSMase)

Neutral Mg2+-dependent sphingomyelinases are integral membrane proteins in
mammals, and soluble proteins in bacteria. The mammalian enzymes have pH
optima near 7, and require millimolar concentrations of Mg2+ or Mn2+ for activity.
nSMase appears to be ubiquitous in mammalian tissues, with the highest activities in the brain. The molecular mass is of about 92 kDa, although smaller isoenzymes are found, which may result either from proteolysis or from alternative
processing of common transcripts. nSMase mediates several cellular processes including differentiation, cell cycle arrest, and programmed cell death (apoptosis)
through the generation of ceramide [36, 37]. nSMase activation has been observed
after ligation of CD95 and tumor necrosis factor (TNF) receptors [38, 39], after
irradiation [40], and after triggering of mechanosensors [41], among many examples.
The first nSMases of mammalian origin were characterized by Gatt [42] and by
Rao and Spence [43]. Liu et al. [44] purified by 3030-fold a Mg2+-dependent,
nSMase activity (ca. 60 kDa) from rat brain membranes. Enzyme activity was
highly dependent on phosphatidylserine, and it was 95% inhibited by 3 mm glutathione [45]. Glutathione inhibition suggested that nSMase was activated by
stress [46]. More recently, Bernardo et al. [47] have purified by 23 330-fold a Mg2+dependent nSMase from bovine brain that was inhibited by glutathione. The en-
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zyme consists of two polypeptides, of 97 kDa and 46 kDa, that appeared to be
structurally related, the latter probably being a degradation product. The bovine
enzyme shares many properties with the one purified by Liu et al. [44] from rat
brain (Mg2+-dependence, substrate specificity, activation by phosphatidylserine, inhibition by glutathione). However, the respective molecular masses differ, 60 vs.
97 kDa, thus the relationship between both enzymes remains to be established.
Ghosh et al. [48] have isolated two isoforms of nSMase from rabbit skeletal
muscle (92 and 53 kDa). Peptide mapping revealed important structural similarities, and the catalytic activities were also similar, except that the 53 kDa protein
was Mg2+-independent. These nSMases are located in the transverse tubules of
the muscle cells, which may be related to the observation that sphingosine modulates calcium release from sarcoplasmic reticulum membranes [49]. Two Mn2+and Mg2+-dependent nSMases located in the microsomal membranes of seminiferous tubes of immature Wistar rats have been characterized [50] whose properties do not appear to differ significantly from other mammalian nSMases. Finally,
we mention two other nSMases purified from eukaryotic natural sources, namely
the Mg2+-dependent nSMase isolated from Saccharomyces cerevisiae [51], and that
obtained from membrane fractions of intraerythrocytic Plasmodium falciparum, the
malaria parasite [52]. The latter enzyme was activated by phosphatidylserine and
other anionic phospholipids, and was sensitive to scyphostatin, an inhibitor of
mammalian nSMase (see below).
The cloning of mammalian nSMase has aroused debate. Tomiuk et al. [53] announced the cloning, overexpression and functional characterization of murine
and human Mg2+-dependent nSMase. Cloning was achieved by searching for sequences similar to those of bacterial nSMase. Overexpressing cells were treated
with TNF-a but no clearly elevated ceramide levels or apoptosis were observed,
which argued against the proposed role of nSMase in apoptosis. However, several
concerns were soon raised, particularly with respect to the specificity of the cloned
protein, i.e. it was not clear whether sphingomyelin was the natural substrate.
Shortly afterwards Sawai et al. [54] demonstrated that although the cloned
nSMase had sphingomyelinase activity in vitro, cells overexpressing the protein
did not show marked changes in sphingomyelin metabolism. Furthermore 1-0-alkyl-lyso-PC (lyso-Platelet Activating Factor, or lyso-PAF) was metabolized into 1-0alkylglycerol in overexpressing cells, but not in vector cells. Sawai et al. [54] concluded that the protein acted as lyso-PAF phospholipase C rather than as nSMase
in cells. Neuberger et al. [55] then demonstrated the localization of the enzyme
cloned by Tomiuk et al. [53] in the endoplasmic reticulum of cells, which argues
against a role of this enzyme in sphingomyelin signaling.
Subsequently, Tomiuk et al. [56] also concluded that the enzyme they had previously cloned (nSMase 1 in their nomenclature) was predominantly localized in
the microsomal fraction (endoplasmic reticulum and Golgi). anti-nSMase 1 antibodies did not affect the nSMase activity in membrane fractions from murine
brain [56], indicating that nSMase 1 was one of at least two mammalian nSMases.
Indeed, shortly afterwards, the same group published the cloning and characterization of a 71 kDa mammalian brain-specific, Mg2+-dependent nSMase [57],
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which they called nSMase 2. This enzyme colocalized with a Golgi marker in several cell lines, according to immunofluorescence methods.
The enzyme with lyso-PAF phospholipase C and nSMase activities (nSMase 1) has
been examined by several groups. Katan and co-workers confirmed its localization in
the endoplasmic reticulum, and showed that the enzyme has a strong requirement
for reducing agents, and is reversibly inhibited by reactive oxygen species and by
oxidized glutathione [58]. They also showed that nSMase 1 is irreversibly inactivated
by peroxynitrite, a nitric oxide-derived oxidant, presumably through thiol group oxidation [59]. The same laboratory reported an essential role for two His residues (136
and 272 in nSMase 1) that were conserved in sequences from bacteria to human,
and demonstrated that the transmembrane region contained determinants for the
endoplasmic reticulum localization [60]. The same group have also identified
nSMase 1 as the major neutral SMase activity in the DT40 B-cell line, and have
pointed out that the enzyme does not appear to play a role in the apoptotic response
to endoplasmic reticulum stress [61]. Independently, Mizutani et al. [62] cloned and
expressed an essentially similar enzyme from rat, which they located afterwards in
the nuclear matrix of ascites hepatoma AH7974 cells [63].
In turn Marchesini et al. [64] have characterised the mouse nSMase2 overexpressed in either yeast cells or MCF7 breast cancer cells. nSMase2 recognised endogenous sphingomyelin as substrate, leading to ceramide production. Stable
overexpression of nSMase2 resulted in a 30–40% decrease in the mammalian cell
growth rate at the late exponential phases, but not in cell death. Moreover, TNF
induced a significant activation of nSMase2 in MCF7 cells overexpressing the enzyme. These results suggest that nSMase2 corresponds to a physiologically meaningful mammalian neutral SMase that is involved in the regulation of cell growth
and in cell signaling.
Sphingomyelin signaling in response to external agents (TNF-a, oxidized LDL)
results in a SMase at the plasma membrane level. It is thus disappointing that
none of the cloned nSMases are localized there. In contrast, two recent reports
characterize plasma membrane-associated nSMases. Veldman et al. [65] described
a nSMase in caveolae of human skin fibroblasts. This enzyme was inhibited by a
peptide that corresponded to the scaffolding domain of caveolin, suggesting a direct molecular interaction of both proteins. Such interaction would in turn imply
a cytosolic orientation of the caveolar nSMase. Stimulation of overexpressing fibroblasts with TNF-a resulted in caveolin-sensitive nSMase activity in the non-caveolar fractions. These results suggest that caveolar nSMase may be involved in TNFa-signaling. More recently, mechanical (haemodynamic) stress has been shown to
stimulate the activity of nSMase, but not of aSMase, in caveolae, leading to the
generation of ceramide [41]. Working on a different system, namely pig liver plasma membranes, Martin et al. [66, 67] isolated a Mg2+-dependent nSMase that was
not inhibited by glutathione but was inhibited by ubiquinol and other lipophilic
antioxidants. Also relevant here is the somewhat forgotten report of a latent
nSMase in chicken erythrocyte membranes [68].
The identification of a nSMase activity in LDL is significant [69, 70]. These
authors have demonstrated that apolipoprotein B-100, the protein moiety of LDL,
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has a nSMase activity, which is also reflected by partial sequence homology between apolipoprotein B-100 and bacterial SMases. The physiological role of this
activity could be related to nonreceptor-mediated endocytotic entry of LDL into
cells. This observation may also open a new mechanistic link between elevated
plasma levels of LDL, apoptosis and atherosclerosis.
Although not strictly a sphingomyelinase, since its natural substrate appears to
be ceramide phosphoinositol, i.e. the inositol analogue of sphingomyelin, a lipid
found in yeast, it is worth mentioning the cloning and characterisation of yeast
ISC1, an inositol phosphosphingolipid phospholipase C [71]. The enzyme, which
has homology to bacterial SMase, is activated by phosphatidylserine and cardiolipin. A study using site-directed and deletion mutants [72] has shown that one of
the two transmembrane domains, and the C-terminus of the enzyme are required
for phosphatidylserine binding. The authors suggest that, in the presence of anionic phospholipids, the catalytic domain (located at the N-terminus of the polypeptide chain) is “pulled” towards the membrane to interact with its substrate.
A whole group of sphingomyelinases found in bacteria are structurally related
to nSMase 1 [53, 60]. In this sense they can be called neutral sphingomyelinases,
although in practice they show a rather wide range of pH optima, and hydrolyze
phospholipids other than sphingomyelin. These enzymes have been found in Bacillus cereus, Staphylococcus aureus (b-toxin), Listeria ivanovi, Leptospira interrogans,
Chromobacterium violaceum, Helicobacter pylori and Pseudomonas TK4 [73–77]. Of
these, the nSMase from B. cereus is the best known. A distant evolutionary relationship has been noted between bacterial sphingomyelinase and mammalian
DNase I [78]; residues of DNase I that are involved in the active center (including
His 134 ad His 252) are conserved in bacterial sphingomyelinase, and are essential for activity. They correspond to the essential His 136 and His 272 in nSMase 1
[60]. Bacterial sphingomyelinases may be descendants from the eukaryotic enzymes, as proposed by Heinz et al. [79] for certain phospholipases C. In favour of
this hypothesis is that these enzymes are not usually required for the bacterial life
cycle, and are often found in pathogens functioning as bacterial toxins [60]. The
similarity between bacterial and mammalian nSMases has permitted workers to
subclone chimeras of bacterial SMase and green fluorescent protein into mammalian vectors containing sequences that target the enzyme to several subcellular organelles, with the result that only when bacterial SMase was targeted to mitochondria did cells undergo apoptosis [80].

5.2.1.4 Mg2+-independent Neutral Sphingomyelinases

This small and barely known group of sphingomyelinases includes an enzyme
found in the cytosol of HL-60 cells by Okazaki et al. [81], and the 53 kDa isoform
of nSMase found by Ghosh et al. [48] in rabbit skeletal muscle.
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5.2.1.5 Alkaline Sphingomyelinase from the Intestinal Tract

The best characterized enzyme in this group is an alkaline sphingomyelinase
(bSMase), purified ca. 1600-fold from rat intestine [82]. The enzyme is not expressed in other organs, requires bile salts for activity, is Mg2+-independent, and
not inhibited by glutathione. The lack of this enzyme may be related to colon carcinogenesis. Its activity appears to be influenced by dietary fats other than sphingolipids [83]. For a review on alkaline SMase, see Nilsson and Duan [84].

5.2.1.6 Bacterial Sphingomyelinase-phospholipase C

This category was not included in the classification of Samet and Barenholz [15].
At last two representatives are known, namely the so-called “a-toxin” from Clostridium perfringens [85], and the product of plcB gene from Listeria monocytogenes
[86]. Both can use phosphatidylcholine and sphingomyelin as substrates, and perhaps other glycerophospholipids as well [87]. Both enzymes are structurally related to the phosphatidylcholine-preferring phospholipase C from B. cereus but the
latter has no SMase activity.

5.2.2

Sphingomyelinase Mechanism
5.2.2.1 Binding of Magnesium Ions

Activation by Mg2+ is observed in most, but not all, nSMases of mammalian and
bacterial origin. The Mg2+ effect on these enzymes becomes saturated at ca.
10–3 M. The role of Mg2+ in the activation of B. cereus SMase was analyzed in detail by Fujii et al. [73]. The enzyme had two classes of binding sites for Mg2+, with
binding constants 2.1 ´ 102 and 5.0 ´ 106 M–1 at pH 6.0. The high-affinity site was
saturated with a single Mg2+ ion. The functional meaning of the high-affinity
binding is unclear. Low-affinity Mg2+ binding is essential for catalysis, but unrelated to substrate binding. Mg2+ binding also protects the enzyme against alkaline
denaturation.

5.2.2.2 Binding of Substrate

As with all lipases, substrate binding is only one part of a more complex phenomenon, involving surface adsorption and perhaps other precatalytic stages. The interaction of SMase with its substrate has been carefully studied by Fanani and
Maggio [88] using sphingomyelin monolayers at an air–water interface. The enzyme (B. cereus) was injected into the aqueous phase, from which it could interact
with the substrate. Three stages could be distinguished in the enzyme activity, (i)
a latency period, during which interfacial adsorption and other precatalytic steps
took place; (ii) a period of steady-state enzyme activity, i.e. a constant rate of substrate degradation (pseudo zero-order kinetics); and (iii) a period of gradual halting of product formation.
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During the latency period the amount of SMase adsorbed onto the lipid monolayer increased up to a plateau, the latter marking the start of the constant velocity region. The amount of adsorbed enzyme did not vary with the presence of
product. An interface/subphase partition coefficient KP = 7 ´ 10–4 was calculated for
the enzyme, indicating a high tendency of SMase to associate with the lipid interface. Enzyme partition to the interface and interfacial activation were essentially
irreversible.
Fanani and Maggio [88] analyzed quantitatively the activation phase of the
SMase reaction, and compared the experimental results with six different kinetic
models. The best fit was found for the so-called “model V”, (Scheme 5.1):
KP
K
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kact
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! Ei S2  P
Scheme 5.1

After the partition step the model involves association of the enzyme with the
substrate and subsequent dimerization before activation. The proportion of activated enzyme (E*i ) was assumed to be very small in relation to the total amount of
enzyme at the interface (Ei + E*i ). Enzyme activation was the rate-limiting step for
the reaction. The activation was slow (kact = 3 ´ 10–3 s–1) compared with the rate of
catalysis in the steady-state regime (kcat = 4 ´ 102 s–1), the being latter estimated on
the basis of classic Michaelis-Menten analysis. The authors conclude that the lag
time in SMase catalysis is due to an equilibrium between monomolecular and bimolecular activated states of the enzyme in the interface, and to a slow activation
process.

5.2.2.3 Mechanism of Catalysis

A model for the interaction of SMase with sphingomyelin (Fig. 5.1) and a catalytic
mechanism (Fig. 5.2) have been proposed for B. cereus SMase by Matsuo et al.
[78] and by Fujii et al. [73], respectively, on the basis of four lines of evidence:
(i) Mutational analysis suggesting that Asp 126 and Asp 156 are involved in substrate recognition, and that Asp 295, His 151 and His 296 are essential for the
hydrolytic activity [89]. Note that His 136 and His 272 are essential for the activity of nSMase 1 [60, 62]. His 134 and His 252 of DNase correspond to histidines 136 and 272 of nSMase1, and to histidines 151 and 296 of B. cereus
SMase.
(ii) The prediction by Matsuo et al. [78] of the three-dimensional structure of the
enzyme using a protein fold recognition method, which suggested that SMase
adopts a structure similar to that of bovine pancreatic DNase I. This prediction included the proposal of several amino acid residues involved in catalysis
and enzyme recognition, in agreement with mutational analysis.

5.2 Sphingomyelinases

A model for the interaction between
SMase and SM. These residues are all conserved in homologous bacterial SMases. Residues W28, E53, F55, N130, Q153, W232 and
D295 may be involved in substrate recogni-

Fig. 5.1

tion. E53 and D295 would be involved in hydrolysis of the phosphodiester bond. M2+ denotes the metal ion that is essential for catalysis. Redrawn from Ref. [78].

General-base catalytic mechanism for bacterial sphingomyelinase. Redrawn from Ref. [73].

Fig. 5.2

(iii) The suggestion by Weston et al. [90], on the basis of their X-ray studies of a
DNase I-substrate complex, that His 252 of DNase I acts as a general base to
accept a proton from a water molecule, which then, as a nucleophile, attacks
the phosphoryl group, and His 134 functions as a general acid to protonate
the leaving oxygen of the phosphoester. His 252 and His 134 from DNase I
correspond to His 296 and His 151, respectively, in B. cereus SMase.
(iv) The studies by Fujii et al. [73] on the pH dependence of kinetic parameters of
the enzyme, in which they conclude that the mechanism of SMase appears to
be one of general-base catalysis, with His 296 acting as a general-base (Fig.
5.2).
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5.2.3

Sphingomyelinase Assay

Two situations must be distinguished, (i) assays of pure enzyme and (ii) assays of
cell extracts. When purified enzyme preparations are available, no labeled substrate is required. Natural or synthetic sphingomyelin is prepared, pure or mixed
with other lipids, in the form of extruded large unilamellar vesicles (LUV) ca.
100 nm in diameter. When pure sphingomyelin vesicles are used extrusion must
take place at a temperature close to or above the gel-fluid transition temperature
of the lipid, i.e. often 45–50 8C. LUV and enzyme are mixed in the appropriate assay buffer and aliquots are removed at fixed time intervals. The aliquots are
mixed with chloroform–methanol and, after phase separation, phosphorous (from
phosphorylcholine) is assayed in the aqueous phase. The procedure has been described in detail by Ruiz-Argüello et al. [91].
When LUV are assayed with sphingomyelinase, ceramide production in the bilayers leads to vesicle aggregation, which in turn produces an increase in turbidity
or light scattering in the suspension. Thus the reaction can be followed in real
time simply by measuring the increase in turbidity (absorbance at 500 nm) or in
light scattering (e.g. with a fluorometer with both the excitation and emission
monochromators adjusted at 500 nm). The chemical assay of the water-soluble
product phosphorylcholine and the turbidity assay give superimposable results
[91, 92].
Some commercial preparations of purified sphingomyelinase from B. cereus
may be contaminated with phospholipase C. This is irrelevant when the substrate
consists of pure sphingomyelin, but when the LUV contain glycerophospholipids,
e.g. phosphatidylcholine, contamination is serious because both enzymes will give
off the water-soluble end-product phosphorylcholine. In such cases, the assays include o-phenanthroline, a specific inhibitor of phospholipase C that is innocuous
for SMase [92–94].
Assaying SMase activity in cell extracts requires that sphingomyelin be labeled,
radioactively, fluorescently or otherwise. Also, and because of the difficulty in
bringing together the enzyme and substrate molecules in the presence of cell
homogenates, assays are often carried out in Triton X-100 or other suitable detergents. However, as well as from emulsifying the substrate, the detergents bind
and modify the enzyme activity and thus they are best avoided. If they are required, the detergent concentration and the initial detergent to substrate ratio
must be kept constant for reproducibility of assays. After catalysis, the labeled enzyme products are separated, usually by thin-layer chromatography, and quantitated. A general description of SMase assays in cell extracts has been provided by
Santana et al. [95], and by Gatt [96]. Samet and Barenholz [15] describe in detail
assay conditions for aSMase and nSMase using a fluorescent sphingomyelin derivative. An alternative fluorescence assay is given by Loidl et al. [97]. He et al. [98]
use a fluorescent (BODIPY) derivative of sphingomyelin as a substrate, and the resulting fluorescent ceramide is separated by HPLC within 4 min. Liu and Hannun [99] have detailed a SMase assay using a radioactively labelled substrate,
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namely N-[methyl-14C]sphingomyelin. In a novel non-radioactive approach Zhou
et al. [100] use biotinylated substrate conjugates and then purify the enzyme products by bioaffinity capture on streptavidin-agarose beads; after release, they then
analyze them by electrospray ionization mass spectroscopy. High-throughput
methods for sphingomyelinase screening, using N-[methyl-14C]sphingomyelin,
have also been published [101, 102].
A SMase assay kit is commercially available, based on the use of 10-acetyl-3,7-dihydroxyphenoxazine (Amplex Red), a sensitive fluorogenic probe for H2O2. First,
SMase hydrolyzes the sphingomyelin to yield ceramide and phosphorylcholine.
After the action of alkaline phosphatase, which hydrolyzes phosphorylcholine,
choline is then oxidized by choline oxidase to betaine and H2O2. Finally, H2O2, in
the presence of a peroxidase, reacts with Amplex Red to generate a highly fluorescent product. However, any enzyme generating phosphorylcholine will give off the
fluorescent product, thus the assay does not discriminate between SMase and
phospholipase C.

5.2.4

Sphingomyelinase Inhibitors

Some physiological SMase inhibitors, e.g. glutathione, are mentioned in Section
5.2.1. Among the pharmacological inhibitors scyphostatin, obtained from mycelial
extracts from the discomycete Trichopeziza mollissima, is becoming widely accepted
as a neutral sphingomyelinase inhibitor [47, 52, 103–105]. Other natural inhibitors
of mammalian nSMase include macquarimicin A [106], alutenusin [107], chlorogentisylquinone [108], and manumycin A [109]. Some synthetic substrate analogues can
also be used as SMase inhibitors [110–112]. Arenz and Giannis [113] have produced
the first synthetic irreversible inhibitor of nSMase. Recently, GW4869 was developed
as an inhibitor of nSMase, and mammalian nSMase 2 was found to be a molecular
target for this inhibitor [64, 114]. Hexadecylphosphocholine has pronounced antiproliferative effects on neoplastic cells and acts through interference of cell signaling via
phospholipases, but it does not modify SMase activity [115].
Inhibitors of aSMase are also known, such as the xanthone a-mangostin, isolated from the bark of Garcinia speciosa [116]; a-mangostin has recently been obtained by organic synthesis [117].

5.3

Sphingomyelinase–Membrane Interactions

At least two obvious aspects must be considered here, namely the influence of the
membrane lipids on sphingomyelinase activity, and the effects of the enzyme on
the membrane properties. For the latter, we shall deal separately with enzyme effects on membrane permeability and effects on membrane architecture.
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5.3.1

Lipid Effects on Sphingomyelinase Activity

Studies on this subject are scarce, particularly for substrates in bilayer form.
Linke et al. [118] have published data that show stimulation of recombinant human acid sphingomyelinase by lipids that occur frequently in lysosomes. The substrate was present as liposomes, and no detergents were used. The liposomes contained, basically, phosphatidylcholine, cholesterol and sphingomyelin. To this mixture other lipids were added as required. Lysosomally occurring lipids, e.g. phosphatidylinositol and bis(monoacylglycero)phosphate, were effective stimulators (by
up to 3-fold) of aSMase activity. Dolichol, and in particular dolicholphosphate,
which occur in both Golgi and lysosomal membranes, were also effective aSMase
activators. Interestingly, Linke et al. [118] also studied the effect of membrane curvature on aSMase activity, by preparing unilamellar liposomes of varying diameters (sub-50 to 200 nm). Enzyme activity increased remarkably with increasing
curvature (decreasing size) of the vesicles. However, in the smaller liposomes
tested, the vesicles are subjected to a considerable lateral tension, which could by
itself influence enzyme activity. Finally, the authors demonstrated [118], using surface plasmon resonance, that binding of a SMase to lipid bilayers was actually increased by anionic lipids such as bis(monoacylglycero)phosphate.
Ruiz-Argüello et al. [119] have noted that, unusually, most molecular species of
sphingomyelin are in the gel state in the physiological range of temperatures, i.e.
most naturally occurring sphingomyelins have gel-to-fluid transition temperatures
within 35 to 45 8C. These authors used liposomes (large unilamellar vesicles) composed of pure egg sphingomyelin (gel-to-fluid transition temperature ca. 39 8C) or
of binary mixtures of sphingomyelin and glycerophospholipids (phosphatidylcholine or phosphatidylethanolamine). The enzyme was of bacterial (B. cereus) origin.
SMase was active on pure sphingomyelin bilayers but activity was exceedingly low
when the lipid was in the gel state. It increased by over one order of magnitude
when the substrate went from the gel to the fluid phase. SMase activity showed
lag times, followed by bursts of activity. Lag times decreased markedly when the
substrate went across the phase transition to the fluid state. When egg phosphatidylcholine or egg phosphatidylethanolamine were included in the bilayer
composition together with sphingomyelin, sphingomyelinase activity at 37 8C,
which was negligible for the pure sphingolipid bilayers, increased with the proportion of glycerophospholipid, while the latency times became progressively shorter.
A differential scanning calorimetry study of the mixed-lipid vesicles revealed that
both phosphatidylcholine and phosphatidylethanolamine decreased in a dosedependent way the transition temperature of sphingomyelin. Thus, as those
glycerophospholipids were added to the membrane composition, the proportion
of sphingomyelin in the fluid state at 37 8C increased accordingly, in this way becoming amenable to rapid hydrolysis by the enzyme. Thus sphingomyelinase requires the substrate in bilayer form to be in the fluid state, irrespective of
whether this is achieved through a thermotropic transition or by modulating bilayer composition.
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Also relevant in this context is the observation by Jaffrezou et al. [120] that ceramide enhances neutral sphingomyelinase activity in myeloid leukemia cells and
in normal skin fibroblasts. However, these results were obtained with short-chain,
cell-permeant ceramides, whose physical effects on membranes may differ from
the more frequent long-chain ones [9]. The subject is interesting enough to deserve a more detailed investigation.
Fanani et al. [121] have described a beautiful example of the effect of the lipid
environment on SMase activity. In particular, they have examined the effect of lipid lateral organization on SMase activity in lipid monolayers by epifluorescence
microscopy. The enzyme alters surface topography by inducing phase separation
into condensed (ceramide-enriched) and expanded (sphingomyelin-enriched) domains. The ceramide-enriched phase grows steadily as the reaction proceeds at a
constant rate, and when it becomes continuous in the monolayer plane, i.e. beyond the percolation point, the reaction rate in the now discontinuous expanded,
sphingomyelin-rich domains decreases rapidly. Thus the long-range topographic
changes induced by the enzyme feed back on its kinetics.

5.3.2

Effects of Sphingomyelinase Activity on Membrane Properties
5.3.2.1 Effects on Membrane Lateral Organization

One important effect of the action of SMase on membranes is the generation of
ceramide-rich domains due to the lateral segregation of the enzyme lipidic endproduct. This phenomenon is interesting in terms of lipid biophysics, and may
have important physiological implications. Separation into ceramide-rich domains
was first observed by Huang et al. [122], who examined the structure of bilayers
composed of fully deuterated dipalmitoylphosphatidylcholine and bovine brain
ceramide using 2H NMR spectroscopy. These authors observed that addition of
ceramide induced lateral phase separation of fluid phospholipid bilayers into regions of gel and liquid crystalline (fluid) phases, ceramide partitioning largely
into the gel phase of d62-DPPC. These studies were later extended to different
chain length ceramides [123], with the result that C16-ceramide, but not C2-, C6or C8-ceramides, gave rise to in-plane phase separations. A similar behavior of
long-chain ceramides has been detected in phosphatidylcholine/phosphatidylserine mixtures [124]. The use of a pyrene-labeled phospholipid, a fluorescent probe
that is sensitive to lateral mobility and to the local concentration of fluorophore in
the membrane, allowed Holopainen et al. [125, 126] to detect ceramide-enriched
microdomains in fluid phosphatidylcholine membranes. A parallel kinetic study
of ceramide-rich domains [126] revealed that, under conditions allowing fast ceramide synthesis, changes in the lateral organization of the membrane took significantly longer time (one order of magnitude, under the experimental conditions).
The same group found that putting a small area of the membrane of giant liposomes containing sphingomyelin in contact with immobilized SMase [127] resulted in ceramide-rich domains in the area of interaction.
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Domain formation by ceramides was also described by a combination of differential scanning calorimetry and IR spectroscopy, using natural ceramides (brain,
egg) and several synthetic phospholipids [128]. Calorimetry was used to detect gelfluid transitions. Different domains, when formed, “melt” at different temperatures, so that they could be easily detected. Veiga et al. [128] found lateral separation of ceramide-rich domains with as little as 5 mol% ceramide. Although disparity of chain lengths between lipid species (“chain mismatch”) has been mentioned
as the origin of certain cases of lateral phase separation [129], in the present example ceramides of different lengths (brain, egg) gave almost equivalent results
in phospholipid mixtures examined by calorimetry. IR spectroscopy, together with
the use of deuterated lipids, can be applied to the resolution of the gel-fluid transition in ceramide-rich and -poor domains. The above authors prepared mixtures of
deuterated phospholipid (d54-DPPC) with natural ceramide. IR spectroscopy
clearly reveals a gradual melting of DPPC along a wide temperature range (covering the various domains), while ceramide exhibits a much sharper transition, corresponding to the high-temperature melting, ceramide-enriched domains [128].
Also, Wang and Silvius [130], using fluorescence-quenching measurements, observed that ceramide exhibits a much higher affinity for ordered lipid domains in
both cholesterol-free and cholesterol-containing bilayers than do other sphingolipids.
Carrer and Maggio [131] have studied mixtures of bovine brain ceramide, which
contain mostly C18 : 0 and C24 : 1 fatty acids, with DPPC, both by differential scanning calorimetry and in lipid monolayers extended at the air–water interface. The
calorimetric results are essentially coincident with those by Veiga et al. [128], with
in-plane phase separation being hinted at with only 1% ceramide. Measurements
of surface potentials in monolayers reveal that molecular dipole potentials may
play an important role in lateral phase separation, with favorable ceramide-PC dipolar matching in the liquid state being one local determinant for close molecular
interactions, and unfavorable matching explaining domain segregation of ceramide-enriched phases (see also Moore et al. [132]). Studies in Langmuir troughs,
in which sphingomyelin is extended at an air–water interface and SMase is added
to the water subphase, provide a different and valuable tool to observe enzyme effects. In particular, epifluorescence microscopy may reveal ceramide-rich condensed domains coexisting with SM-rich expanded domains. Slotte [133] and
more recently Fanani et al. [121] have quantified the area occupied by the different domains, and have correlated domain formation with enzyme activity.
In the latter cases chain mismatch appears to be an important factor regulating
in-plane phase separation. However, such a phenomenon has also been observed
in the absence of chain-length disparity in ceramide–phospholipid mixtures [126,
128]. The causes of domain formation by ceramides may be manifold, but the
high hydrogen-bonding capacity of ceramides (in fact, of sphingolipids) should
not be overlooked. While glycerophospholipids can act only as hydrogen-bond acceptors, sphingolipids such as sphingomyelin and ceramides can act as both acceptors and donors through their hydroxyl and amide groups [126, 134]. A study
[135] has provided evidence for hydrogen bonding between sphingomyelin and
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cholesterol as the basis for the detergent insolubility of certain membrane fractions.
The capacity of ceramide to segregate laterally into ordered domains may be
crucial in certain physiological events. Cremesti et al. [136] have suggested that
this is the basis of “capping”, in which cell stimulation results in the clustering of
certain membrane proteins, typically receptor molecules, within membrane domains. According to these authors, when an extracellular signal, e.g. Fas engagement by ligand or agonistic antibody, elicits SMase activity at the plasma membrane level, ceramide released as an enzyme end-product leads to the reorganization of rafts into larger platforms or macrodomains within which Fas clusters. Receptor clustering is supposed to activate downstream effectors inside the cell.

5.3.2.2 Effects on Membrane Permeability

Ruiz-Argüello et al. [91] were the first to point out that generation of ceramides in
the bilayer induced efflux of vesicle or cell contents. They treated either large unilamellar vesicles consisting of sphingomyelin, phosphatidylethanolamine and cholesterol (at a 2 : 1 : 1 mole ratio), or resealed erythrocyte ghosts, both loaded with
low-molecular mass fluorescent dyes, with bacterial SMase. In both cases, rapid
efflux ensued in parallel with enzyme activity. This is in contrast with phosphatidylcholine : phosphatidylethanolamine : cholesterol (2 : 1 : 1) vesicles treated with
phospholipase C, for which aqueous contents were not released.
In a more detailed study Montes et al. [137] entrapped in liposomes fluorescent
solutes of varying sizes, up to 20 kDa, and complemented the experiments in
which ceramide was generated by SMase with others in which ceramide was
added in organic solvent to the pre-formed liposome suspension. Small proportions of ceramide (10 mol% of total lipid) that may exist under physiological conditions of ceramide-dependent signaling were used. When long-chain (egg-derived) ceramides were used, both externally added and enzymatically produced
ceramides induced release of vesicle contents. However, the same proportion of
ceramides generated by SMase induced faster and more extensive efflux than
when added in organic solution to the vesicles. Remarkably, SMase treatment of
bilayers containing 50 mol% sphingomyelin gave rise to release of fluorescein-derivatised dextrans of & 20 kDa, i.e. larger than cytochrome c. Furthermore, some
experiments in the same paper were designed to explore the mechanism of ceramide-induced efflux. Two properties of ceramide appear to be important in the
process of membrane restructuring that leads to solute efflux. One is the capacity
of ceramide to induce a “negative” monolayer curvature, i.e. a curvature of the opposite sign to that found in cell membranes [9]. The other is its tendency to segregate into ceramide-rich domains (Section 5.3.2.1). The interface between ceramide-rich and -poor domains is probably the high-efflux region (Fig. 5.3). Recently, Siskind et al. [138] have shown that ceramide increases the permeability of
the mitochondrial outer membrane to proteins of molecular mass of up to
60 kDa.
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Schematic drawing of the effects of
SMase on lipid bilayers. In a bilayer containing both sphingomyelin and glycerophospholipids, sphingomyelin will be in the fluid state
[119]. After SMase action, ceramides are still
mixed with the glycerophospholipids, but the
bilayer is in a metastable state. Even if SMase
is acting only on one side of the bilayer, ceramide flip-flop tends to distribute ceramide
molecules more or less evenly across the

Fig. 5.3

bilayer [94, 126]. Simultaneously, and perhaps
competing with flip-flop, lateral segregation
forms patches of solid ordered ceramide-rich
phases. The outcome of these events is increased membrane efflux through the solid–
fluid interfaces [91, 137] and/or the bending of
the bilayer, perhaps contributing to the formation of “stalk”-type fusion/fission intermediates [94, 126].

5.3.2.3 Effects on Membrane Aggregation and Fusion

Previous studies [139, review in 140] had shown that phospholipase C induced aggregation and fusion of vesicles composed of phosphatidylcholine, phosphatidylethanolamine and cholesterol (2 : 1 : 1 mole ratio). Interestingly, bacterial SMase
acting on vesicles containing sphingomyelin, phosphatidylethanolamine and cholesterol (2 : 1 : 1 mole ratio) produced (apart from solute efflux, as discussed above)
vesicle aggregation, but not fusion, the latter being defined as intervesicular mixing of lipids and of aqueous contents. However, when the sphingomyelin-containing vesicles were treated with low amounts of SMase, so that the rate of sphingomyelin hydrolysis was reduced to considerably [141] lower than in the previously
discussed experiments, about one-third of the vesicles were clearly larger (by ca.
six-fold) than the original ones. Fusion had taken place together with extensive
leakage; for this and other reasons SMase-induced fusion might occur via a different mechanism than phospholipase C-induced fusion [140, 141].
Other lines of evidence also point towards a fusogenic capacity of SMase. Holopainen et al. [142] showed microscopic images of “endocytic” budding of vesicles
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composed of phosphatidylcholine and sphingomyelin, upon addition of sphingomyelinase. Budding and fission are probably mirror-image processes of fusion,
and they may share similar intermediates. The authors attributed the observed
budding to the tendency of ceramide to separate into domains, and to its negative
spontaneous curvature that would lead to membrane invagination (Fig. 5.3). An
interesting development of the previous experiments was described by Nurminen
et al. [127], who coupled SMase to amino-derivatised acrylate microspheres in
such a way that the enzyme retained its catalytic activity. The spheres were held
inside a micropipette, and could be brought into contact with a giant liposome
membrane composed of phosphatidylcholine and sphingomyelin. Thus the enzyme could be used topically, i.e. on a defined region of the membrane, and the
consequences of the enzyme reaction examined by light microscopy. The enzyme
induced microdomain formation, followed by domain clustering (capping) in the
membrane, and subsequent shedding of small vesicles from the membrane into
the interior of the giant liposome.
Also relevant is the observation by Zha et al. [143] that endocytotic vesicles are
formed in the absence of ATP when fibroblasts and macrophages are treated with
exogenous SMase (or ceramides). According to those authors, addition of B. cereus
SMase to ATP-depleted cells induces the rapid formation of vesicles, ca. 400 nm
in diameter, not enriched in clathrin or caveolin, which pinch off from the plasma
membrane and go into the cytosol. They speculate that hydrolysis of sphingomyelin in the plasma membrane causes inward curvature and subsequent formation
of sealed vesicles, in agreement with the biophysical data [140]. Moreover, entry of
Neisseria gonorrhoeae into non-phagocytic cells is mediated by the activation of an
acidic sphingomyelinase [144], while SMases in the genus Listeria mediate bacterial escape from phagocytic vacuoles and cell-to-cell propagation [75, 86]. These examples of bacterial movements across membranes require either true membrane
fusion or events mechanistically related to fusion, all of them induced by a
SMase. In a non-membranous system, SMase was seen to induce aggregation and
fusion of LDL particles [145]. In turn, the modified LDL particles bound the human aortic proteoglycans with increased strength.
Returning to model membranes, Ruiz-Argüello et al. [94] have observed the cooperative action of ceramide and diacylglycerol, generated in situ by SMase and
phospholipase C, respectively, to induce aggregation and fusion of vesicles containing equimolar mixtures of sphingomyelin, phosphatidylcholine, phosphatidylethanolamine, and cholesterol. Neither enzyme could produce either aggregation
or fusion on its own under those conditions, but when both were added their activities appeared to be mutually potentiated. In a conceptually related study on lipid monolayers at the air–water interface, Fanani and Maggio [146] demonstrated
that the activities of SMase and phospholipase A2 could be mutually modulated.
The activity of one enzyme was affected by its own reaction products and by substrates and products of the other enzyme. These authors concluded that the mutual lipid-mediated interfacial modulation between both phosphohydrolytic pathways indicated that phospholipid degradation might be self-amplified or dampened depending on subtle changes of surface pressure and composition.
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Glycosyl-phosphatidylinositol Cleavage Products
in Signal Transduction
Yolanda León and Isabel Varela-Nieto

6.1

Introduction

Glycosyl-phosphatidylinositol (GPI) molecules have two well-defined functions within living cells: GPIs anchor proteins to the plasma membrane and free GPI participates in cellular activation. The hydrolysis of GPI generates a diffusible mediator, the
inositol phosphoglycan (IPG) that has biological activity. The first agonist reported to
induce GPI hydrolysis, insulin, raised much interest as IPG molecules can mimic
insulin actions, opening an unexpected field for insulin and diabetes researchers.
However, the results of the past decade have not fulfilled the initial expectations.
IPG research has been impaired by the difficulties found in the structural characterization of these molecules and also by the deficient or absent characterization of the
enzymes involved in free-GPI and IPG metabolism [1]. In contrast, the characterization of the biological actions of both natural and synthetic IPGs has advanced considerably. Based on compositional data obtained from metabolically labelled cells
and on the structural information available on GPI anchors, Müller’s group carried
out the synthesis of IPG analogues and demonstrated that synthetic IPG molecules
present a complete panel of insulin-like activities [2–6]. This complete and elegant
work backed many of the results reported on natural IPG insulin-like activities in
vivo and on cultured cells. Parallel work by several research groups has uncovered
other aspects of the GPI/IPG signaling pathway that will be discussed in this chapter. However, further research on the localization, metabolism and signaling cross
talk with other pathways is urgently required to fully understand the in vivo relevance of these molecules in insulin regulation.
In addition to GPI/IPG regulation by insulin, there is much evidence that the
hydrolysis of GPI and the concomitant release of IPG are early steps in the cellular response to other growth factors, hormones and cytokines in various cell types
and species [7, 8]. These results raise the question of the specificity in the response to extracellular factors. In this regard, the data available on IPG composition suggest that there is a group of closely related molecular species, termed generically IPG, that are released in a tissue-specific manner and have cell-specific
targets. Indeed, chemically synthesised IPG possess distinct biological activities,
depending on the oligosaccharide structure [4, 9–15]. Treatment with natural or
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synthetic IPG of cellular extracts, intact cells or organotype cultures elicits both
short-term metabolic actions and long-term effects on cell growth and differentiation [1–5, 7, 9, 15–17]. The intracellular targets for GPI/IPG signaling include
other second messenger molecules, such as cAMP, calcium ions and PI3K, therefore the GPI/IPG pathway is closely connected with the intracellular circuit of
molecules that participate in cell activation.

6.2

GPI Structure and Hydrolysis by Specific Phospholipases

GPIs are an abundant and ubiquitous class of eukaryotic glycolipids. Although
these structures were originally discovered in the form of GPI-anchored cell surface glycoproteins, a significant proportion of the GPI synthetic output of the cell
is not directed to protein anchoring but to free GPIs [18]. GPI anchors have been
the subject of several reviews [1, 8, 18–21].
Preliminary structural analysis showed that the rat liver free glycolipid contained a
phosphatidylinositol molecule glycosidically linked to a glucosamine residue, which
was in turn bound to a glycan tail, whose composition and size have not yet been
fully elucidated. Free-GPI phospholipids participating in signal transduction and
GPI protein anchors share some structural motifs but have a different glycan composition. Free-GPI lacks the trimannose motif and the ethanolamine phosphate. A
simplified model of the similarities and differences between the GPI anchors of
membrane proteins and free-GPI phospholipids is shown in Fig. 6.1.
Several phospholipases are able to cleave free-GPI in vitro: bacterial phosphatidylinositol phospholipase C (PI-PLC), Trypanosoma brucei GPI-PLC and mammalian
GPI-PLD. It was initially proposed that a PLC was the enzyme involved in GPI hydrolysis in mammalian cells as there was a rapid and transient intracellular rise in
the level of diacylglycerol and on the ability of bacterial PI-PLC to partially mimic the
effects of insulin, among other extracellular ligands, through the generation of IPG.
However, a mammalian GPI-specific phospholipase C (PLC) has not yet been purified nor cloned. In contrast, a mammalian GPI-PLD has been cloned and it is an
abundant, although inactive, serum protein [22]. Furthermore, mammalian GPIphospholipase D generates in vitro biologically active IPG from GPI [23, 24]. The
relevance of GPI-PLD in insulin signaling in vivo has not been clearly demonstrated; however, the presence of GPI-PLD in serum and in mammalian cells together with its release from pancreatic islet cells in response to insulin secretagogues suggest that GPI-PLD might be one of the enzymes responsible for free-GPI
hydrolysis in vivo [25–29]. An appealing hypothesis is that differential GPI hydrolysis by phospholipases may give rise to specific IPG species in different cellular contexts, thus providing a further level of regulation in the cellular response. The cloning and characterization of mammalian GPI-lipases will certainly be a step forward
in understanding this system. The recent release of the genome data of several species should help in the identification of candidate enzymes.

6.2 GPI Structure and Hydrolysis by Specific Phospholipases

Scheme representing the structure
and hydrolysis of glycosyl-phosphatidylinositol
(GPI) (adapted from Refs. [1] and [7]). Free
GPI and GPI-anchored proteins are represented, showing their similarity in structure.
The points for phospholipase C (PLC) and
phospholipase D (PLD) hydrolysis are indicated. The glycan component of free GPI is

Fig. 6.1

drawn and consists of galactose (Gal), phosphate (PO2–
4 ), an unidentified residue of hexose (Hex), N-acetylglucosamine (GlcNAc) and
glucosamine (GlcN). Below, free-GPI products
of PLC and PLD hydrolysis: Ins, myo-inositol;
IPG, inositol phosphoglycan; DAG, diacylglycerol; PA, phosphatidic acid.

Another open issue in GPI hydrolysis by phospholipases is how intracellular receptor activation couples to the hydrolysis of an extracellular plasma membrane
lipid. There are many hypotheses that have not been fully explored, some of
which have an experimental basis – for example, there are evidences of the presence of both free-GPI and GPI-PLD in intracellular vesicles [27, 30]. Although intracellular GPI-PLD has not been reported to hydrolyse GPI, an intracellular re-
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lease of IPG would accord with different experimental data, for example with
those reporting IPG actions on cell extracts. However, the hypothesis with the
best experimental support is the presence of GPI-rich plasma membrane compartments, caveolae, where the activation of receptors could be coupled to PLmediated GPI hydrolysis and to IPG downstream signaling. Data supporting caveolae as the key compartment for the activation of GPI/IPG signaling include:
The presence of GPI in caveolae, the modulation of GPI-PLs activity by the lipidic
environment, the activation of different insulin-regulated signaling molecules
such as PI-3K and other kinases in caveolae and the existence of IPG carrier proteins in the plasma membrane [4, 16, 24, 32–34].
In summary, there has been a considerable advance in the knowledge of the nature of the specific phospholipases involved in GPI hydrolysis and the mechanism
by which these enzymes are regulated and may couple to different receptors. But
still many essential aspects of GPI-PLs structure, localization and function have to
be elucidated.

6.3

Diffusible Factors and the Regulation of GPI Levels

Hormones, growth factors, neurotrophic factors and cytokines have been reported
to induce GPI hydrolysis and/or IPG release in different cell types [8]. Tab. 6.1 [7,
35–41] summarises the diffusible factors reported to stimulate GPI hydrolysis.
Among the best-studied GPI agonists are insulin and insulin-like growth factor-I
(IGF-I). Insulin, IGFs I and II, their cellular receptors and the specific IGF binding proteins form the insulin-related growth-factor system [42–45], which is involved in the modulation of many physiological processes, including development,
growth, reproduction, aging and metabolism. Distantly related factors and receptors have been described in non-mammalian vertebrates and invertebrates [46, 47].
IGF-I, initially known as somatomedin-C, was sequenced in the 1970s and renamed on the basis of its amino acid sequence homology with human proinsulin.
A second, structurally distinct insulin-like peptide was found in serum and
termed IGF-II. Insulin is a crucial anabolic hormone, produced and secreted to
the plasma by the adult pancreas. The IGFs are important growth mediators, produced and secreted to the plasma by the adult liver, among other organs [48, 49].
The cellular actions of these factors are mediated by binding to membrane-bound
tyrosine kinase receptors, which were initially characterized during the 1970s. The
classic receptors include the insulin receptor (IR) and the IGF type-1 receptor,
both consisting of disulfide-linked heterotetramers conformed by two extracellular
alpha subunits (binding activity) and two transmembrane beta subunits (tyrosine
kinase and signaling activities); these receptors seem to be coupled to overlapping
signaling pathways [50, 51].
Insulin-stimulated GPI hydrolysis is strictly dependent on the tyrosine kinase activity of the insulin receptor. The lack of tyrosine kinase activity in the insulin recep-

6.3 Diffusible Factors and the Regulation of GPI Levels
Tab. 6.1 Stimulation of GPI hydrolysis by growth factors, hormones and cytokines. Adapted and

updated from Ref. [7].
Factor

Cell type

Insulin

BC3H-1 myocytes
H35 hepatoma
T-lymphocytes
Rat hepatocytes and adipocytes [35]
CHO cells
Human fibroblasts
Chick embryo fibroblasts [36]
BC3H-1 myocytes
Otic vesicle
Fibroblasts
BC3H-1 myocytes
EGFRT17 fibroblasts
Chicken cochleovestibular ganglion cells
PC-12 cells
Chicken cochleovestibular ganglion cells
Rabbit articular chondrocytes [37]
Keratinocytes [38]
Rat granulosa cells

IGF-I

EGF
NGF
BDNF and NT-3
TGF-b1
Prolactin, FSH and
chorionic gonadotropin
Epo
ACTH
TRH
TSH
IL-2
IL-4a

Rat erythroid progenitor cells [39]
Adrenal glomerulosa cells
Calf and adrenocortical cells [40]
Pituitary lactotrophes
Pig thyroid cells [41]
T- and B-lymphocytes
B-lymphocytes

Abbreviations: ACTH, adrenocorticotropic hormone; BDNF, brain-derived neurotrophic factor; EGF,
epidermal growth factor; Epo, erythropoietin; FSH, follicle-stimulating hormone; IGF-I, insulin-like
growth factor-I; IL, interleukin; NGF, nerve growth factor; NT-3, neurotrophin-3; TGF-b1, Transforming growth factor-b1; TRH, thyrotropin releasing hormone; TSH, thyrotropin. aBlockade of interleukin-2-dependent GPI hydrolysis.

tor is associated with alterations in GPI metabolism and, in turn, a normal GPI metabolism is required for insulin actions [1, 8, 52]. GPI levels and/or hydrolysis are
impaired in metabolically altered or aged cells when compared with normal cells,
as for example in the streptozotocin-induced rat model of diabetes (reviewed in
Ref. [1]). Furthermore, cells overexpressing insulin receptors with mutated tyrosine
residues or with a deficient tyrosine kinase domain do not present insulin-stimulated GPI hydrolysis [53, 54]. The activation of GPI-PLs is coupled not only to the insulin receptor but also to other receptors. For example, tyrosine kinase inhibitors can
inhibit GPI hydrolysis stimulated by epidermal growth factor [55] and loss-of-activity
mutants of the receptor for transforming growth factor-beta cannot generate IPG
[56]. Finally, the culture of chicken otic vesicle explants has provided a physiologi-
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cally relevant model to test the ability of neurotrophins and IGFs to induce the hydrolysis of GPI leading to cellular proliferation [11, 57, 58].
In summary, during cellular activation growth factors, neurotrophins, cytokines
and classical hormones induce the rapid and reversible hydrolysis of GPI and the
generation of bioactive IPG molecules. The specificity of the response could be explained by the multiplicity of free-GPI and IPG types (see next section), which
suggests that different agonists may stimulate the hydrolysis of tissue-specific or
structurally distinct GPIs, the generation of signal-specific IPG molecules would
induce differential cellular responses. Conversely, IPG alone cannot achieve the
complete scope of actions of this panel of diffusible factors, or even of just one.
Therefore, the GPI/IPG system should be considered as a novel pathway to be incorporated into the cellular signaling network, whose in vivo relevance in the intracellular response to these factors remains an issue of study.

6.4

IPG Structure and Biological Activities

The data available suggest that IPG-like molecules are widely distributed throughout the plant and animal kingdoms, and that IPG can act on cell systems from
phylogenetically distinct species [4, 47]. For example, pea IPG and rat, bovine or
human liver IPG are active on mollusc neurones, human fibroblasts or chicken
embryo epithelium, suggesting that IPG main structural motifs and functions
have been conserved throughout evolution [7, 11, 59, 60]. Mammalian IPG has
been purified and subjected to chemical analysis from different cell types, organs
and biological fluids. These analyses suggest that there are two related oligosaccharidic structures, which have distinct chemical compositions, biological activities and tissue distribution. These two general IPG subtypes have been termed
IPG-A and IPG-P [1, 8, 15, 17]. IPG type A was defined as an inhibitor of protein
kinase A and adenylate cyclase but an activator of lipogenesis, whereas IPG type P
stimulates pyruvate dehydrogenase and glycogen synthase activities [15, 17, 29,
61–63]. Several groups have reported partial analyses of the sequence and structure of natural IPG; however, there are no available data on the structure of any
mammalian IPG. This frustrating lack of results could be in part due to the limited amounts and insufficient purification of the IPG preparations from the mammalian tissues analyzed. Taken into account these important limitations, there is a
general agreement on that IPG type A contains myo-inositol and glucosamine,
whereas IPG-P contains a-pinitol (3-O-methyl-d-chiro-inositol) and galactosamine
as core components, both types of IPG contain neutral sugars and phosphate residues. Bioactive IPG-A can be generated by either GPI-PLC or PLD-mediated hydrolysis of myo-inositol-containing GPI (Fig. 6.1). In contrast, the metabolic precursor of IPG-P is undefined and a direct generation from a phospholipidic precursor has been disregarded because no reported phospholipase can cleave a phospholipid containing a d-chiro-inositol. Despite the metabolic effects described for

6.4 IPG Structure and Biological Activities

IPG-P [63–65], less compositional information is available and its metabolic origin
remains undefined.
Because the structures of natural IPG have been elusive, efforts have focussed on
the search for the minimal structural motif with insulin-like biological activity. Oligosaccharides containing myo- or chiro-inositol with a variable degree of complexity
have been synthesised using organic chemistry methods [4, 9, 10, 12–14, 66–71] and
tested for biological activity [2, 4, 6, 9–14, 16]. In this context, the organotype culture
of chick otic vesicle explants has provided a useful model system to rapidly screen
the insulin-like activity of minute amounts of synthetic compounds [9, 11, 12, 57,
59]. The availability of synthetic IPGs has allowed the characterization of the structure–function relationship within IPG molecules. For example, the synthetic disaccharide 6-O-(2-amino-2-deoxy-a-d-glucopyranosyl)-d-myo-inositol-1,2-cyclic phosphate has insulin-like biological activity, but the case for the related acyclic-inositol-P disaccharides, such as 6-O-(2-amino-2-deoxy-a-d-glucopyranosyl)-d-myo-inositol-1-phosphate, do not [4, 9, 10, 12, 68]. Inositol, inositol-P, glucosamine, other
monosaccharides or disaccharides with a hexosamine-(1?4)-inositol linkage did
not present activity either. These results indicate that the glucosaminyl-(1?6)-inositol-1,2-cyclic phosphate is the minimal structural motif required to achieve biological
responses. However, some of the actions of natural IPG are not mimicked by this
minimal structure and others are mimicked but only up to a level of 30–40% of that
induced by insulin at maximal concentrations. The group of Müller has published
an extensive characterization of the insulin-like activity of synthetic IPG molecules
in adipose, cardiac and muscle cells [2–6, 10, 16, 32–34].
The design and use of insulin-like molecules acting downstream insulin receptor might be useful in treating insulin-resistance states; in this context, IPG is a
good candidate molecule as an alternative to insulin treatment. The ability of IPG
to mimic insulin actions is certainly striking. Tab. 6.2 summarises insulin-like effects of IPG on both intact cells and cellular extracts [2–5, 8, 10, 32, 34, 72–74].
The biological effects of IPG include tissue-specific regulation of lipolysis, lipogenesis, glycolytic flux, protein synthesis and/or phosphorylation, DNA and RNA synthesis and also long-term actions such as cellular proliferation. IPG-P activates
glycerol-3-phosphate acyltransferase [17], but almost all the other insulin-mimetic
activities reported were tested for IPG-A prepared in vitro by hydrolysis of highly
purified GPI [1, 7, 8, 75, 76].
It is worth noting that GPI/IPG alterations have been associated with diabetes
and that IPG has been proposed as candidate cofactor to treat diabetes [1]. Besides
data obtained in experimental models of diabetes, subjects with non-insulin-dependent diabetes mellitus (type II) appear to have an abnormal regulation of IPG
production in vivo [17, 65, 77–82]. Dietary treatment with d-chiro-inositols may be
effective in lowering symptoms of non-insulin-dependent diabetes mellitus (type
II) [83]. Therefore, the urinary chiro-inositol (IPG-P) to myo-inositol (IPG-A) ratio
has been proposed as a clinical marker to predict the onset of diabetes at an early
stage [1, 4, 15, 84, 85]. IPG has been also proposed to have a regulatory role in
placental function during pregnancy, and more specifically in the onset of preeclampsia as well as in polycystic ovarian disease [86–89].
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Tab. 6.2 Insulin-mimetic effects of purified IPG, PIG-P and various chemically synthesized ana-

logues in the control of glucose homeostasis, lipid, protein and nucleic acid metabolism
(adapted and updated from Ref. [8]).
Intact cells
Biological activity
Short-term effects
Glucose transport
Glucose oxidation
Glucose production
Fructose-2,6-biphosphate levels
Glycogen synthesis
Glycogen synthase kinase-3
Lactate accumulation
Glycogen phosphorylase a
Pyruvate kinase activity
cAMP levels
Insulin secretion
Acetyl CoA carboxylase activity
Lipolysis
Lipogenesis
Phospholipid methyltransferase
Steroidogenesis
Amino acid transport
Tyrosine aminotransferase
activity
Protein phosphorylation

PI-3 kinase
Mitogen activated kinase
Protein kinase B phosphorylation
Myelin basic protein kinase
Ion channels
Ca2+Mg2+-ATPase
Calcium entry
IRS1/2 phosphorylation

Cellular extracts
Effect

Enzymatic activity

Effect

Stimulation/
No effect [34]
Stimulation
Inhibition
Stimulation
Stimulation
Inhibition
Stimulation
Inhibition

Glucose-6-phosphatase

Inhibition

Fructose-1,6-biphosphatase
Pyruvate dehydrogenase (PDH)
PDH phosphatase
cAMP kinase
cAMP phosphodiesterase
Adenylate cyclase
Glycogen synthase
phosphatase 2C
Casein kinase II
Glycerol-3P acyltransferase
ATP citrate lyase
Galactolipid sulfotransferase

Inhibition
Stimulation
Stimulation
Inhibition
Stimulation
Inhibition
Stimulation
[74]
Biphasic
Stimulation
Stimulation
Inhibition

Stimulation
Inhibition
Inhibition
Stimulation
Inhibition
Stimulation
Inhibition
Stimulation
Stimulation
No effect
Stimulation/
Inhibition
[4, 5]
Stimulation
[10, 34, 72]
Stimulation
[2, 3, 4, 73]
Stimulation
[2, 3, 4, 73]
Stimulation
[2, 3, 4, 73]
Modulation
Stimulation
Inhibition
Stimulation
[4, 32, 34]

6.5 GPI/IPG Pathway and the Intracellular Signaling Circuit
Tab. 6.2 (continued)

Intact cells
Biological activity
Long-term effects
Protein synthesis
Specific mRNA levels
DNA and RNA synthesis
Cellular proliferation
Cellular differentiation
a)

Cellular extracts
Effect

Enzymatic activity

Effect

Stimulation
Stimulation/
Inhibition
Stimulation
Stimulation
Stimulation a)

Authors unpublished results.

In summary, the participation of the GPI/IPG system in cell activation by insulin is supported by the following evidences: First, insulin induces the hydrolysis
of GPI and the release of IPG; second, impaired GPI metabolism or treatment
with anti-IPG antibodies neutralize insulin actions; and, third, natural and synthetic IPG have insulin-like activity. Several other diffusible factors activate GPI
hydrolysis with the concomitant release of IPG. The next question is at which
points IPG second messengers cross talk with the established signal transduction
pathways.

6.5

GPI/IPG Pathway and the Intracellular Signaling Circuit

Most of our knowledge on the GPI/IPG signaling pathway has come up from
studies on insulin signal transduction [1, 90]. Insulin interacts with the a-subunits
of the insulin receptor and thereby activates the tyrosine kinase activity of the bsubunits, which in turn phosphorylate a number of intracellular docking proteins,
leading to the activation of intracellular signaling pathways (reviewed in Refs. [45,
90]). Classical pathways activated by insulin include activation of a distinct subset
of G proteins including Ras, activation of kinases such as PKC and the Raf/MAP
kinase cascade, the activation of phospholipases including PC-PLD and activation
of PI3Kinase. Insulin stimulation of glucose utilisation and other metabolic effects seem to be independent of the activation of mitogen-activated-protein kinase
or mitogen-activated-protein kinase, two key kinases of the phosphorylation cascade pathway. In contrast, in response to insulin there are rapid changes in phospholipid metabolism and thereby generation of biologically active lipids that serve
as intracellular signaling factors that regulate downstream enzymes, including
Akt, leading to glucose transport and glycogen synthesis [45, 91–94]. As discussed
above, upstream of insulin-sensitive GPI hydrolysing enzymes lies the insulin re-
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ceptor, which implies that in some way insulin-stimulated tyrosine phosphorylation events control GPI hydrolysis. This tyrosine-dependent GPI hydrolysis should
be related to IRS protein expression and function. IPG regulates the translocation
of GLUT4 glucose transporters to the plasma membrane and glucose metabolism,
whereas IRS-1 and -2 deficient mice present attenuated insulin signal transduction and/or hyperglycaemia [2, 95–97]. The analysis of the GPI/IPG system in
these mouse models of insulin resistance has not been reported; however, there
are evidences directly linking IRS activation with IPG [4, 16, 32, 34]. For example,
PIG-P, an IPG type-A-like molecule isolated from Saccharomyces cerevisiae, and
synthetic IPG can increase the tyrosine phosphorylation state of IRS-1 without increasing insulin receptor phosphorylation, indicating a clear bypass of the insulin
receptor [4, 73]. IPG-mediated tyrosine phosphorylation of IRS could constitute a
mechanism of cross talk with the insulin receptor–tyrosine kinase cascade. GPI
hydrolysis has also been associated with the activation of G proteins. By using
specific inhibitors and other cell signaling tools it has been proposed that insulin
binding to its receptor produces the activation of small G-proteins, which in turn
activate membrane phospholipases C and/or D to cleave GPIs to water-soluble
IPGs [15, 98]. Although the mechanisms linking insulin receptor activation with
GPI/IPG downstream signaling are not still elucidated, there is mounting evidence that both natural and synthetic IPGs mimic insulin actions in the modulation of the activity of intracellular protein kinases and phosphatases; therefore, as
insulin, IPG regulates the general phosphorylation state of the cell (Tab. 6.2) [15–
17, 74, 99–104].
Finally, insulin induces a rapid activation of PI3K through its interaction with
the IRS proteins and, interestingly, insulin-dependent activation of PI3K is compartmentalised within cells [35, 105–107]. Several authors have proposed caveolaee
as the membrane compartment where a number of insulin-dependent events occur, including IPG generation and action. Evidences favouring this hypothesis include: First, the localization in caveolae of the elements required for signaling, including GPI and IPG, GLUT4 transporters, an IPG transporter and several downstream effectors, including PI3K subtypes and other kinases; and, second, the
cross-activation of these elements within caveolae, for example IPG activation of
PI3K and other kinases leading to GLUT4 translocation [2, 4, 16, 31, 98, 108]. In
addition, the activity and substrate affinity of GPI-PLs are modulated in vitro by
lipid composition and by the action of PI3K on GPI substrates [24, 109 and unpublished data]. Taken together, these results represent a significant advance in
that they suggest that PI3K activation may represent the point at which insulinstimulated signal transduction via its receptor and GPI/IPG signaling converge.
IPG targets include the regulation of the intracellular levels of other signaling
molecules (Tab. 6.2) and the induction of cyclins and Fos and Jun transcription
factors [11, 57]. AP-1 activation is part of the mechanism that activates cell division in response to insulin and IGF-I during early organogenesis of the avian inner ear. The hydrolysis of membrane glycolipids with the generation of soluble
IPG has been characterised as part of the intracellular response to IGF-I and neurotrophins in cultures of developing chicken otic vesicle and cochleo-vestibular

6.5 GPI/IPG Pathway and the Intracellular Signaling Circuit
A

B

Biological effects of IPG from different sources on otic vesicle and cochleovestibular ganglion. (A) Purified IPG mimicked the
effects of IGF-I on Jun expression and could
be involved in the mechanism that triggers
proliferation in response to insulin and IGF-I
during early organogenesis of the avian inner
ear. C3, synthetic analogue of IPG; a-IPG,
anti-IPG antibody. Scale bar, 125 lm.
Reprinted with permission from Ref. [11]:
J. Comparative Neurol., © 2003. (B) Purified

Fig. 6.2

IPG from rat (IPG) or from Lathyrus sativus
(LsIPG) showed similar proliferative effects
on organotype cultures of cochleovestibular
ganglion (CVG). Proliferation levels were estimated by the measurement of PCNA, a nuclear protein essential for DNA synthesis. The
numbers below each photomicrograph represent CVG volume size (arbitrary units). Scale
bar, 100 lm. Reprinted with permission from
Ref. [59]: Mol. Med., © 2003.

ganglia (Fig. 6.2) [11, 57, 110, 111]. IGF-I-induced cell proliferation and Fos/Jun
expression are blocked by anti-IPG antibodies, and blockage is rescued by the addition of rat liver purified IPG-A or a myo-inositol-containing analogue [11, 57].
In summary, the activation of tyrosine kinase receptors induces the hydrolysis
of GPI and the concomitant release of IPG, the mechanisms by which these two

111

112

6 Glycosyl-phosphatidylinositol Cleavage Products in Signal Transduction

Insulin signaling pathways. Possible
routes through which insulin can promote its
diverse biological actions: Cell proliferation,
gluconeogenesis, lipolysis and glycogen syn-

Fig. 6.3

thesis. Arrows imply facilitating actions
whereas crossbars indicate inhibitory ones.
The asterisk represents the target molecules
for IPG.

early events couple within membrane compartments are currently under study.
IPG modulates the intracellular levels and/or activation of nodal signaling molecules, the general protein phosphorylation state of the cell and the levels of cyclins and transcription factors, leading in a cell type-specific manner to the regulation of metabolism homeostasis and to cellular proliferation (Fig. 6.3).
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High-throughput Screening of Hormone-sensitive Lipase
and Subsequent Computer-assisted Compound Optimization
Stefan Petry, Karl-Heinz Baringhaus, Karl Schoenafinger, Christian Jung, Horst Kleine,
and Günter Müller

7.1

Introduction
7.1.1

Lipases in Metabolism

Lipases (EC 3.1.1.3) play a key role in the metabolism of lipids. They not only
break down lipids, but also initiate their mobilization (Fig. 7.1), and they degrade
the lipids in the duodenum. They act on stored or wrapped lipids in the blood
stream, the liver, the adipose and muscle tissue and b-cells and they are, presum-

Lipases control the degradation, mobilization and trafficking of lipids in humans.
Hormone-sensitive lipase (HSL, 1, 4, 5),

Fig. 7.1

monoacylglyceride lipase (MGL, 1); pankreatic
lipase (PL, 2); hepatic lipase (HL, 3); lipoprotein lipase (LPL, 6); endothelial lipase (EL, 6).
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ably, also present in other peripheral cells. Consequently, they are potential targets
for the development of drugs to treat obesity, diabetes and atherosclerosis.
Pancreatic lipase degrades dietary fat to non-esterified fatty acids (NEFA) and
monoacylglycerol, which are then transported into the blood stream. Conversely,
hormone-sensitive lipase (HSL) controls the hydrolysis of stored fat in adipocytes,
concomitantly regulating the mobilization of NEFA and glycerol into the blood
stream. In addition to these two big players, which control the blood level of NEFAs, other lipases degrade lipoproteins such as HDL, LDL and VLDL. Hepatic lipase (HL) is responsible for the degradation of lipoproteins in the liver [1]. Lipoprotein lipase (LPL) [2] and endothelial lipase (EL) [3–5] are involved in the cleavage of phospholipids as well as neutral lipids with different preferences in the
endothelial luminal surface. Remarkably, the activities of LPL and HSL are under
tight hormonal control by a complex interplay both of transcriptional and posttranscriptional mechanisms [2, 6].

7.2

Lipases Show Unique Differences in Comparison to Other Drug Targets

Lipases are water-soluble enzymes that hydrolyze water-insoluble substrates such
as long-chain mono-, di-, triacylglycerols (TAGs), phospholipids and cholesterol esters. Thus, the cleavage reaction has to occur at the lipid–water interface [7–9].
This distinguishes lipases from other hydrolytic enzymes and makes them unique
target proteins with regard to selectivity and inhibition. The water-insolubility of
TAGs has several striking consequences. Neutral lipids are neither in the serum
compartment nor in the cytoplasm of cells in direct contact with the aqueous milieu. Instead, they are organized in two ways (1) as high-molecular-mass aggregates
in emulsified droplets consisting of an interior TAG core and surrounded by a
monolayer shell of phospholipids, cholesterol, and embedded proteins (cytoplasmic lipid droplets and serum lipoprotein particles); (2) in smaller complexes
bound to serum or intracellular fatty acid/lipid-binding proteins such as albumin
and caveolin [10, 11]. Lipases interact with these special lipid complexes or “supersubstrates” via hydrophobic domains. These hydrophobic domains become exposed to the substrate upon contact with the lipid complexes due to a conformational change of the protein (“interfacial activation”) [12, 13]. Thus, the apparently
“two-dimensional” reaction of lipases does not simply follow Michaelis-Menten kinetics and critically depends on the interface [9, 12, 13]. Substrate-specific measurements of lipase activity and the development of reliable lipase assay systems
have to account for these unique features.

7.3 Lipase Assays

7.3

Lipase Assays

The inherent difficulty in studying enzymatic reactions on lipophilic and insoluble substrates has given rise to many assays designed to measure lipase activity,
using various substrates and experimental designs. Hendrickson [14], and more
recently Beisson et al. [15] and Gupta et al. [16] have summarized these assays.
The most sensitive and reliable assays are discontinuous “time stop” assays using
radioactively labeled TAG [17, 18] or phosphoglycerides [19] as substrates. The
substrate has to be separated from the product by chromatographic methods, partitioning, or filtration. Non-radioactive enzymatic or chromatographic methods to
determine the products of lipolysis are highly sensitive, but are discontinuous like
the radioactive methods. Titrimetric assays are continuous, but are relatively insensitive, and tedious in daily practise. They may also interfere with acidic or basic compounds.
Verger and coworkers [20] have developed a continuous lipase assay using naturally occurring fluorescent TAG isolated from Parinari glaberrimum as substrates.
We have synthesized octadeca-9,11,13,15-tetronic-3-hydroxy-octadecyloxypropylester, a 1 acyl-2 alkyl glycerol from parinaric acid. This compound is a substrate of
HSL, but it is too sensitive to oxidation to be used under high-throughput assay
conditions. Recently, the same group has reported an ultraviolet spectrophotometric assay using less oxidation-sensitive TAGs extracted from Aleurites fordii
seeds [21].
Continuous assays are rarely described for lipases, but are frequently described
for esterases. Similar to lipases, esterases hydrolyze ester bonds. However, in contrast to lipases, their substrates are water-soluble and thus water-soluble fluorescent substrates can be used to measure their enzymatic activity. Some of these
water-soluble substrates have been proposed for the measurement of lipolytic ac-

A

(A) Incorporation of the artificial
fluorescently labeled substrate (NBD-MAG)
into mixed micelles is associated by a change
from yellow (481 nm) to red (510 nm), presumably due to interaction of the aromatic

Fig. 7.2

B

ring systems. (B) Left-hand side: CHCl3 solution of 3; right-hand side: mixed micelles after
ultrasonification in the presence of phospholipids and 3.
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Scheme 7.1

Synthesis of a non-soluble fluorescent lipase substrate.

tivity [14, 22]. The assay systems for esterases are simple, easy to handle and are
sufficiently sensitive. However, they do not account for interfacial activation and
therefore do not discriminate lipase from esterase activity. This may lead to overestimation of the esterase activity and therefore the results have to be interpreted
with caution, particularly if the assays are used to determine lipase activity in protein mixtures or body fluids.
Consequently, we decided to use a lipidic substrate equipped with an appropriate fluorogenic moiety to measure lipase activity. Importantly, even huge moieties,
such as BODIPY [23], rhodamine [24] or pyrene [25] coupled to typical lipase substrates usually do not interfere with their cleavage by lipolytic enzymes. The size
of the fluorophore does not seem to be very critical. In general, it should be as
small as possible, lipophilic, stable and insensitive to oxidation. For these reasons
we preferred p-nitrobenzofurazan (NBD) as a fluorescent label.
Starting from amino acid 1 we have synthesized the fluorescently labeled, nonsoluble lipase substrate 3 (Scheme 7.1).
The monoacylglycerol 3 is insoluble in water and has to be presented in micelles or lipid complexes (e.g. droplets) to be acceptable as lipase substrate. To
generate the substrate, 3 was incorporated into mixed phospholipid micelles. To
prepare these micelles, a solution of 3 in CHCl3 was added to a solution of phospholipids (phosphocholine, phosphoinositol) in a buffer system. The organic solvent was purged with nitrogen and the organic mixture was sonicated. To our surprise, the development of mixed micelles was accompanied by a color shift from
yellow to red (Fig. 7.2, see p. 123).
When a lipase (e.g. hormone-sensitive lipase, HSL) is added, the substrate is hydrolyzed to yield NBD-labeled free fatty acid 2 and glycerol. Concomitantly, the solution regains a yellow fluorescent color. The hydrolytic reaction is followed by
measurement of the absorption at 481 nm (Fig. 7.3).

7.4 Hormone-sensitive Lipase (HSL) as a Drug Target in Diabetes

Time course of cleavage of NBDMAG. NBD-MAG incorporated in PI/PC micelles was incubated (30 8C) in the presence
of 40 (^), 20 (*), 10 (l) and 5 lg (s) or
absence (n) of extract prepared from basal or
isoproterenol-treated (1 lM) adipocytes. At
the times indicated absorption was measured
at 481 nm using a microtiter plate reader
(n = 8, mean). Alternatively, portions of the inFig. 7.3

cubation mixtures were extracted with acidic
methanol–chloroform–heptane and then subjected to phase separation. The organic phase
was dried, suspended in THF and analyzed by
TLC (diethyl ether/light petroleum/acetic acid;
78/22/1, by vol.) and fluorescence imaging
(n = 8, data not shown). The two analytical
methods yielded very similar results.

The assay is robust, easily handled, has a high signal-to-noise ratio and can be
performed under high-throughput screening conditions using a robotic pipetting
machine. We applied this assay in a 384-format to screen the Aventis compound
collection for inhibitors of several lipases. One example, HSL is described below.

7.4

Hormone-sensitive Lipase (HSL) as a Drug Target in Diabetes
7.4.1

Biological Role of HSL

TAGs from stored lipid droplets of adipocytes are hydrolyzed into NEFAs and glycerol through the concerted action of at least two lipases, HSL and monoacylglycerol lipase [26], and additional proteins are involved in the recruitment and trafficking of HSL to lipid droplets (book chapter 11). The NEFAs are released to the
blood stream, where they bind to albumin and are transported to the peripheral
tissues and the liver. In muscle tissue, NEFAs are used as an energy source,
whereas in the liver they are transformed into VLDL. The lipolytic activity in adi-
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pocytes is under strict hormonal control and HSL is one of the major target proteins for this regulation. HSL activity is controlled by the status of phosphorylation. HSL is phosphorylated and activated by PKA, a cyclic AMP-dependent kinase [27, 28]. The degree of phosphorylation of HSL depends directly on the
cAMP level since cAMP is an allosteric activator of PKA. Hormones, triggered by
the sympathic nervous system, such as adrenalin, noradrenalin and glucagon bind
to adrenergic receptors, which are coupled to adenylate cyclase and thus enhance
the intracellular cAMP level and PKA activity. Activated HSL leads to an increase
of lipolysis in adipose tissue and to elevated levels of NEFAs in the blood stream.
Since the b-oxidation of fatty acids in liver and muscle cells depends on the level
of NEFAs, b-oxidation is activated under these conditions. In addition, c-AMP-dependent kinase deactivates acetyl-CoA carboxylase (a key enzyme in fatty acid biosynthesis). In summary, the hormones associated with the sympathic nervous system activate lipolysis and release of NEFAs from adipocytes to the blood stream.
NEFAs are transported to liver and muscle cells where they are absorbed, oxidized
and degradated to yield ATP. Concurrently, lipogenesis is blocked by inhibition of
acetyl-CoA carboxylase.
Insulin, a hormone associated with the parasympathic nervous system, has the
opposite effect. It decreases the intracellular level of c-AMP. Under these conditions PKA is deactivated and HSL is dephosphorylated by the corresponding phosphatase. Lipolysis in adipocytes is blocked and the amount of NEFAs available for
b-oxidation is reduced. At the same time lipogenesis is activated by the stimulation
of cAMP-independent kinases, which phosphorylate and activate acetyl-Co carboxylase.

7.4.2

Characteristics of HSL

HSL activity was first identified in 1964 as an epinephrine-sensitive lipolytic activity in adipose tissue. It was named according to its property of being activated by
hormones such as catecholamines, ACTH, and glucagon [29]. In 1981 the isolation of a relatively pure and biologically active HSL from rat adipocytes was reported [30]. The first cDNA clones were isolated for both rat and human HSL in
1988 [31] and the gene sequence for human HSL was elucidated in 1993 [32].
The rat and human cDNAs predict 768 and 775 amino acids, respectively,
which is in good agreement with the molecular mass of 84 000 [30]. Despite 82%
identity between the amino acid sequence of rat and human HSL and their similar molecular masses, human HSL exhibits slightly lower electrophoretic mobility
during SDS-PAGE compared to rat HSL, i.e. 88 vs. 84 kDa [30]. HSL has a
uniquely broad substrate specificity, hydrolyzing with varying efficacy tri-, di- and
monoacylglycerols, as well as cholesteryl, steroid fatty acid, retinyl and p-nitrophenyl esters [33]. However, HSL lacks detectable phospholipase activity. HSL prefers
cleavage of diacylglycerol (10- and 5-fold vs. tri- and monoacylglycerol) and the 1or 3-ester bond of its acylglycerol substrate (4-fold vs. 2-ester bond). Polyunsatu-
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rated fatty acids are preferred over saturated fatty acids and shorter vs. longer fatty
acids. Phosphorylation under standard in vitro assay conditions leads to moderate
increases in activity against TAG and cholesterol esters, but not against di- and
monoacylglycerols [30]. It is unclear whether phosphorylation of HSL also provokes differential effects on its activity in vivo. Rat adipocyte HSL is a dimer in solution, according to gel chromatography and sucrose gradient centrifugation [34]
and, subsequently, human recombinant HSL and sedimentation equilibrium analysis. Kinetic studies finally revealed that the HSL functional dimer is characterized by greater maximal activity with no difference in substrate affinity compared
with its monomeric subunits [35].
Reflecting its unique catalytic and regulatory (see Chapter 11) properties. HSL
exhibits only minimal sequence similarity with enzymes of the lipase gene family.
Based on inhibition of HSL activity by diisopropylphosphofluoridate and the covalent linkage of this inhibitor to the HSL protein, HSL has been categorized as a
serine esterase [36]. The Gly-X-Ser-X-Gly motif contains the catalytic serine in
most lipases, and HSL contains this consensus pentapeptide (Gly-Asp-Ser-AspGly). Site-directed mutagenesis has confirmed that the serine of this pentapeptide
is within the catalytic site of HSL [37]. Human HSL also exhibits a region of similarity with lipase 2 of Moraxella TA144, an Antarctic bacterium that hydrolyzes lipids at low temperature. Strikingly, HSL also manages to cleave TAGs with higher
efficacy at lower temperatures compared to other mammalian lipases [32].
The higher order domain structure of HSL could not be derived from the amino acid sequence. Two different functional domains – the catalytic domain and
regulatory domain (see below) – are encoded by different exons of the human
gene, suggesting the mosaic nature of the HSL protein [32]. However, the overall
lack of homology with other lipases precludes assignment of specific functions to
different regions of the protein. Other lipases with little primary sequence homology display highly similar structural features based on crystal structure, but the
crystal structure of HSL is urgently needed to gain further information. Detailed
biochemical studies point to a distinct lipid-binding domain that is separate from
the catalytic region. Mild proteolysis of HSL with trypsin almost completely destroyed its activity against trioleoylglycerol with only marginal reductions against
water-soluble p-nitrophenylbutyrate, indicating that HSL contains a lipid-binding
domain [33]. As trypsin treatment generates a stable 17.6 kDa fragment, HSL can
reasonably be assumed to consist of separately folded protease-resistant domains
joined by short protease-sensitive linker regions [38]. Studies on interfacial activation, i.e. enhancement of lipolytic activity by the presence of a lipid–water interface, provided additional evidence for a separate lipid-binding domain. Intact HSL
is activated by phospholipid vesicles or emulsified trioleoylglycerol, but these lipids have no effect on activity of the 17.6 kDa fragment on the water-soluble substrate, strongly suggesting that proteolysis has separated the lipid-binding domain
from the catalytic domain. A more stable peptide composed of amino acids 1–323
can be generated by prolonged incubation of HSL with endoproteinase Lys-C, suggesting that this fragment represents a separate structural domain [39]. Circular
dichroism and fluorescence spectroscopy analyses during denaturation with guani-
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dine hydrochloride and heat revealed two major steps of unfolding [40], which is
in agreement with the existence of two distinct structural domains.
The amino-terminal 323 amino acid domain of possibly globular structure is encoded by exons 1–4 and has no primary or secondary structural similarity with
known proteins, but interacts with the adipocyte lipid-binding protein (ALBP) [41].
The carboxy-terminal portion of HSL is similar to acetylcholinesterase, bile saltstimulated lipase and several fungal lipases, and is composed of a/b-hydrolase
folds that constitute the catalytic site. The secondary structure elements that constitute this scaffold are expected to be within regions formed by amino acids 332–
535 and 688–766 (rat). Despite the lack of significant primary sequence homology,
the organization of the secondary structure predicted for the carboxy-terminal 450
amino acids of HSL is similar to the secondary structure of two fungal lipases
from Geotrichum candidum and Candida rugosa [41]. Secondary structure prediction in this region allowed the identification of the central elements of these a/bhydrolase folds, according to which a three-dimensional model for this domain
was proposed [41]. Elucidation of the crystal structure for the Brefeldin A esterase
from Bacillus subtilis, a protein with significant homology to HSL, confirmed the
usefulness of this approach [42]. On basis of molecular modeling it was proposed,
and later confirmed by site-directed mutagenesis, that Ser423, Asp703, and
His733 (rat) constitute the catalytic triad for HSL and are found within this carboxy-terminal region [43]. This portion is interrupted by the 150 amino acid regulatory module, which according to secondary structure prediction does not contain
a helices and b sheets but harbours the known phosphorylation sites for PKA,
AMPK, and ERKs (see Chapter 11) and therefore has been assigned a regulatory
function. Recently the crystal structure of another member of the subfamily of
HSL, a novel thermophilic esterase (EST2) from Alicyclobacillus acidocaldarius, has
been solved with 2-[4-(2-hydroxyethyl)-1-piperazinol]ethanesulfonic acid (HEPES)
covalently bound to the catalytic active serine 155 [44]. Whereas several crystal
structures of “HSL related” esterases are available, the crystallization of HSL is
still a challenge.

7.4.3

Inhibitors of HSL

Several inhibitors of lipases have been described (for a review see Patkar et al.
[45]). HSL was first described in 1964, but it was not until 2000 that the first inhibitors were reported. Several companies have recently investigated HSL inhibitors
to treat diabetes and lipid disorders. In 2000 Alteon [46] published a patent on eudesmannolides, a natural product isolated from Ivoa microcephala nut. One year
later Aventis [47] reported a series of natural products from Streptomyces called cyclipostines. In the same year Aventis [48] and Novo Nordisk [49] published the
first synthetic HSL inhibitors (3,4-dihydro-1H-isoquinolin-2-yl)carbamates, Novo
Nordisk, and 3-phenyl-5-alkoxy-1,3,4-oxadiazol-2-ones, Aventis. In 2003, Ontogene
[50] described pyrrolopyrazinediones and Novo Nordisk [51] reported another class
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Tab. 7.1 Compounds described as inhibitors of HSL.

Company

Structure

Company

Structure

Aventis

Alteon

Eudesmanolide
Aventis

Cyclipostine
Novo Nordisk

Oxadiazolone
Ontogene

(3,4-dihydro-1H-isoquinolin-2-yl)carbamates
Novo Nordisk

Pyrrolopyrazinediones

Carbamates

of carbamates. ISIS [52] reported antisense–RNA-like compounds that modulate
HSL expression. Taken together, within only three years, several companies have
reported progress towards the inhibition of HSL as a strategy to treat diabetes and
lipid disorders (Tab. 7.1).
High-throughput screening with fluorescent monoacylglycerol [53] at Aventis revealed several classes of HSL inhibitors, with oxadiazolones as one of the most interesting. To improve the biological activity, we applied a computer-assisted experimental design strategy (CAED). A weak structure–activity relationship (SAR) from
screening was used to design new compounds to broaden and strengthen SAR.
Chemical synthesis, model refinement and the design of new compounds were
performed in iterative cycles (Fig. 7.4).
For the first cycles we left the oxadiazolone moiety unchanged and focused on
optimizing the R2-part of the molecule in Fig. 7.4. We were interested which type
of hydrophobic interactions favors inhibition of HSL. Therefore, we selected R2
substituents with different aliphatic, aromatic, and alicyclic moieties. Only aromatic moieties provoked a reasonable activity. For example, 4 is inactive, whereas
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Improvement of inhibitory potency
using computer-assisted experimental design
(CAED). Starting from initial “hits” (IC50s in
the range of 70 lM) the activity has been im-

Fig. 7.4

proved by a factor of 2800 (compound 7600,
25 nM) (QSAR: quantitative structure–activity
relationship; ADMET, adsorption, distribution,
metabolism, extrusion, toxicity).

the corresponding aromatic compound (5) inhibits HSL with considerable potency
(IC50 10 lM).

Both meta- and para-substitutions on the phenyl ring are well tolerated (6, 7),
whereas ortho-substitution seems to hamper biological activity (8).

7.4 Hormone-sensitive Lipase (HSL) as a Drug Target in Diabetes

Scheme 7.2 Synthesis of HSL inhibitor 7600: i, HCl, NaNO2, SnCl2; ii, methoxycarbonylchloride,
Py; Iii, COCl2, Py

HSL-Pharmacophore model with
Aventis inhibitor 7600: Three electron-pair donors are recognized by HSL. In addition, the

Fig. 7.5

second phenyl ring system interacts with a hydrophobic protein domain.
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Analysis of Aventis inhibitor 7600
using the radioactivity-based assay: Partially
purified HSL from rat epididymal adipose tissue was incubated with lipid droplets prepared by ultrasonic treatment of a mixture of
radiolabeled trioleoylglycerol, tripalmitin,
phosphatidylcholine and phosphatidylinositol
in the presence of increasing concentrations
of Aventis inhibitor 7600. After incubation
(2 h at 37 8C), the radiolabeled oleate released

Fig. 7.6

was separated from neutral lipids by alkaline
partitioning and determined by liquid scintillation counting of the aqueous phase. To fit the
concentration–response curves and calculate
IC50s, the fatty acids recovered from a control
reaction performed in the absence of HSL
were subtracted from each value. Details of
this assay have been described previously
[47].

Further optimization of 6, with various types of substituents, revealed the 3-phenoxy derivative 7600 as the most promising molecule, the synthesis of which is
shown in Scheme 7.2.
Within these two optimization cycles the initial activity has been improved (initial hit: 70 lM) by a factor of 2800 (compound 7600: 25 nM). R1 in Fig. 7.4 can
also be varied, and has a minor influence on the biological activity.
We used the generated data to create a first model of the active site of HSL.
After two additional cycles including further variation of the hydrophobic moiety
and the electron pair-donating system of the oxadiazolone, a clear pharmacophore
model was obtained (Fig. 7.5). The inhibition curve of 7600 with HSL isolated
from rat adipocytes is shown in Fig. 7.6.
The higher IC50 (i.e. lower potency) determined for Aventis Inhibitor 7600
using the radioactive compared to the NBD-MAG assay design may be explained
by different substrate presentations and/or accessibility of the lipid droplets and
mixed micelles respectively for the inhibitor.

7.4 Hormone-sensitive Lipase (HSL) as a Drug Target in Diabetes

+ fatty acid
* glycerol
Analysis of Aventis inhibitor 7600
using the cellular lipolysis assay: Isolated rat
adipocytes were incubated with NBD-labeled
dodecanoic acid (for incorporation into neutral lipid droplets) and then challenged with
1 lM isoproterenol (to stimulate lipolysis)
prior to addition of increasing concentrations
of inhibitor 7600. After incubation (1 h at
37 8C), the adipocytes were separated from
the medium by flotation through an oil layer.
Portions of the medium were enzymatically
analyzed for glycerol. Portions of the perchloric acid extracts from the adipocytes were
analyzed in duplicate by thin-layer chromato-

Fig. 7.7

graphy and fluorescence imaging using a
phosphor imager. The amount of NBD-dodecanoic acid released (comigrating with a standard) was calculated using ImageQuant software. To fit concentration–response curves
and calculate IC50s for glycerol and fatty acid
release, the fatty acids/glycerol recovered
from a control reaction performed in the presence of 100 lM inhibitor 7600 (corresponding
to maximal inhibition) were substrated from
each value. IC50s for glycerol and fatty acid
release do not differ significantly. Details of
this assay have been described previously
[55].

Fig. 7.7 illustrates the reduction of TAG lipolysis in isolated rat adipocytes. In
both cases the isoproterenol-stimulated lipolysis is inhibited completely.
IC50s for the enzyme- (radioactive design) and cellular lipolysis inhibition by
Aventis inhibitor 7600 were within one order of magnitude, strongly arguing for
efficient penetration of the adipocyte plasma membrane and access to cytoplasmic
lipid droplets.
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7.5

Perspective

A new lipase assay has been developed and used to screen the Aventis compound
library. Several classes of “hits” have been elucidated – one of which, the oxadiazolones, has been selected for a chemical optimization program. Computer-assisted
experimental design has enabled optimization with respect to activity and selectivity. Small potent inhibitors were obtained that are “drug-like” and follow the Lipinsky rules of five, which are often useful for a first theoretical prediction of oral
bioavailability [54]. Ongoing pharmacological trials will show if lipase inhibitors
can successfully treat diabetes and atherosclerosis.
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Endothelial Lipase: A Novel Drug Target for HDL
and Atherosclerosis?
Karen Badellino, Weijun Jin, and Daniel J. Rader

8.1

Introduction

The production, remodeling and clearance of cholesterol, triglyceride and phospholipid in the form of plasma lipoproteins are part of the complex, regulated process of
lipid metabolism. Two major categories of enzymes are involved in the process of
lipoprotein lipid hydrolysis and clearance: triglyceride lipases and phospholipases.
Until recently, two triglyceride lipases were known that acted upon lipoproteins in
the plasma compartment: lipoprotein lipase (LPL) and hepatic lipase (HL). They have
been well characterized for their lipid substrate preference, lipoprotein association and
ability to mediate binding and uptake of lipoproteins by vascular cells. Both LPL and
HL have well-established roles in lipid metabolism and in modulating atherosclerosis
[1, 2]. LPL prefers triglycerides as substrates and hydrolyzes phospholipids very poorly.
HL has a greater ability to hydrolyze phospholipids but also prefers triglycerides.
Interventions that influence the activity of these two enzymes markedly affect plasma
triglyceride levels, have more moderate effects on LDL-C (low density lipoprotein) and
HDL-C (high density lipoprotein) levels, and can influence atherosclerosis [1, 2].
In 1999, a gene encoding endothelial lipase was reported as a new member of the
triglyceride lipase gene family [3, 4]. This gene was cloned simultaneously by two
different groups using two different strategies. Jaye et al. [3] exposed the monocyte
cell line, THP-1, to oxidized LDL-C after differentiation with phorbol 12-myristate 13acetate (PMA). An RNA amplification product was found in the oxidized LDL-treated
cells but not in untreated cells. This product was used to probe a human placental
complementary DNA (cDNA) library. A clone was obtained with an open reading
frame of 500 amino acids with significant sequence homology with hepatic lipase,
pancreatic lipase and lipoprotein lipase. Subsequent Northern and Western blotting
showed that endothelial lipase (EL) is unique in that it is constitutively expressed by
human coronary artery endothelial cells (HCAEC) and human umbilical vein endothelial cells (HUVEC). Hirata et al. [4] independently cloned EL through subtractive
hybridization from HUVECs undergoing tube formation compared to growth-arrested cells in monolayers. The cDNA that was upregulated in the early stages of
tube formation was found to be a lipase with significant sequence identity with hepatic lipase and lipoprotein lipase.
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8.2

Structure of Endothelial Lipase

The human gene encoding for endothelial lipase (LIPG) is located on chromosome 18q21.1 (http://www.ncbi.nlm.nih.gov) and spans 10 exons and 9 introns. The
open reading frame of the human EL sequence is 1500 nucleotides, encoding a
protein of 500 amino acids and a predicted 18 amino acid signal peptide. By comparison of the primary amino acid sequence, endothelial lipase has 45% homology with lipoprotein lipase and 40% homology with hepatic lipase. The location of
10 cysteine residues is conserved (Fig. 8.1), suggesting that it shares a similar tertiary structure with both HL and LPL, including a 19 amino acid lid region. The
EL sequence contains the same potential catalytic residues, 149serine, 173aspartic
acid, and 254histidine, found in the other lipase family members. The GXSXG lipase motif surrounding the active site serine is also retained. Based on the presence of positively charged residues that resemble heparin-binding consensus sequences, there are four possible heparin-binding regions in endothelial lipase,
14
KLHKPK19, 282RFKK285 and 292RKNR295, 304KKMRNKR310, and 427RRIRVK432.
By comparison to both the crystal structure of pancreatic lipase [5, 6] and a molecular model of lipoprotein lipase [7], there are two potential lipid-binding regions:

A model of endothelial lipase was
created using the reported amino acid sequence [3]. The structure was based on the

Fig. 8.1

crystal structure of pancreatic lipase [5] and a
published molecular model of lipoprotein lipase [7].

8.3 Tissue Expression of Endothelial Lipase and Its Implications
Endothelial lipase (EL) is a member of the triglyceride lipase gene family. It
more closely resembles lipoprotein lipase
(LPL) and hepatic lipase (HL) and is predicted to have arisen from a common precursor.

Fig. 8.2
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GLDPAGP177 and 204RSFGLSIGIQM214. There are five potential N-linked glycosylation sites. Within the triglyceride lipase gene family, EL most closely resembles LPL and HL and is predicted to have arisen from a common precursor
(Fig. 8.2).
The size of expressed endothelial lipase was determined by immunoblot analysis of both HUVEC and HCAEC. Bands of 68 and 40 kDa were detected using an
antibody directed against the amino-terminus of EL [3]. The expressed protein,
based on amino acid translation of the EL cDNA, is predicted to be approximately
55 kDa. The 68 kDa form may represent the glycosylated full-length monomer,
whereas the 40 kDa form may be the product of alternative splicing or a proteolytic cleavage product or both.

8.3

Tissue Expression of Endothelial Lipase and Its Implications

The tissue expression of endothelial lipase is unique in comparison to both LPL
and HL. LPL is predominantly expressed by cardiac muscle, skeletal muscle and
adipocytes with lesser amounts produced by macrophages, kidney, adrenal gland,
liver, pancreas, lung and brain [8, 9]. HL is primarily expressed in the liver [10].
Analysis of various human tissues has detected EL RNA in placenta, lung, liver,
kidney, testis and abundantly in the thyroid in both human and mouse tissues [3,
4]. In a transgenic mouse model of human endothelial lipase under control of its
own promoter, Ishida et al. [11] detected EL protein by immunohistochemistry on
the surface of endothelium of the aorta and large vessels in the kidney, lung, and
spleen as well as the microcirculation in the spleen and lung. EL is expressed by
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endothelial cells in culture as detected at both the mRNA level [3] and the protein
level [12].
The functional significance of the high EL expression in lung, placenta and thyroid is undetermined. Hirata et al. [4] noted that the distribution of EL in lung, as
detected by in situ hybridization, suggested that EL expression may be localized to
type II alveolar epithelial cells, which synthesize surfactant, a phosphatidylcholinerich substance. EL might be involved in surfactant metabolism.
The character of HDL in cord blood is distinct from adult blood. Fetal HDL is
apolipoprotein E-rich, with much lower esterified cholesterol. HDL represents the
major lipoprotein class in cord blood, a marked change from the adult plasma lipoprotein profile. The phospholipid content was the same as the HDL of adults
[13]. A plausible hypothesis is that EL is directly involved in lipid metabolism and
cholesterol transport in the developing fetus.
Thyroid hormone decreases hepatic lipase activity [14]; deficiency of thyroid hormone does not result in significant effects on HDL levels, however. Individuals
with hypothyroidism have either unchanged or slightly elevated HDL levels [15].
It is possible that EL expression in the thyroid is regulated by thyroid hormone or
that EL is involved in thyroid lipid metabolism.

8.4

Enzymatic Activity and Effects on Cellular Lipid Metabolism of Endothelial Lipase

EL can hydrolyze both triglyceride and phospholipids. In the initial reports on
this enzyme, two groups reported the ability of EL in conditioned medium to hydrolyze phosphatidylcholine. Hirata et al. originally reported an inability of EL to
hydrolyze triglyceride [4], whereas Jaye et al. reported that EL hydrolyzed a radiolabeled triolein substrate, albeit at a low level [3].
McCoy et al. further characterized EL lipolytic activity and directly compared it
to both hepatic lipase and lipoprotein lipase using various substrates [16]. In the
absence of serum as a source of apolipoprotein CII, the ability of endothelial lipase to hydrolyze tributyrin, containing 3-carbon acyl chains, and triolein, an unsaturated octadecenoic acid, was similar. The effects of the addition of heat-inactivated serum on the triglyceride lipase activity of endothelial lipase and lipoprotein
lipase were investigated using a glycerol-stabilized emulsion of 3H-triolein and
egg phosphatidylcholine. While addition of serum (as a source of apoC-II) to lipoprotein lipase potentiated its activity nearly 1000%, as expected, addition of the
same amount of serum to endothelial lipase completely abolished its ability to hydrolyze triolein. The effect of serum on the phospholipase activity of EL was
found to have a similar inhibitory effect. The source of this inhibition is not a result of plasma lipoproteins acting as competitive substrates, since lipoprotein-deficient serum also inhibited EL triglyceride lipase activity by 84%.
McCoy et al. also compared EL to LPL and HL in their substrate preferences
[16]. Using lipases expressed by adenoviral gene transfer into Cos-1 cells, the tri-

8.4 Enzymatic Activity and Effects on Cellular Lipid Metabolism of Endothelial Lipase

glyceride lipase to phospholipase activity ratios were determined to be 140 for LPL
(plus serum), 24 for HL and 0.65 for EL (Fig. 8.3). These ratios demonstrate the
preference of endothelial lipase for phospholipid substrates versus triolein substrates as compared to LPL and HL. The effect of purified apolipoprotein CII, at
10 lg ml–1, on both triglyceride lipase and phospholipase activities of LPL was
compared to the effect on EL activity. As expected, apolipoprotein CII potentiated
both the triglyceride lipase and phospholipase activities of LPL. The addition of
apolipoprotein CII to either activity assay had no effect on EL. The addition of
1 M NaCl potentiates the activity of hepatic lipase but inhibits lipoprotein lipase.
In a manner similar to LPL inhibition, EL triglyceride lipase and phospholipase
activities were completely abolished in the presence of 1 m NaCl.
The significance of the ability of HL and LPL to hydrolyze synthetic triglyceride
and phospholipids lies in its modeling of the hydrolysis of naturally occurring lipoprotein substrates. McCoy et al. compared EL with HL and LPL in their preference for lipoproteins isolated from non-fasted hyperlipemic subjects (Fig. 8.4). Lipoprotein fractions containing 1.25 mm phospholipid were incubated with conditioned media containing EL, HL or LPL. A comparison of the free fatty acid released per reaction tube showed that, while EL hydrolyzes triglyceride-containing
lipoproteins, it is more efficient in hydrolyzing HDL than either HL or LPL. Therefore, EL lies at the opposite end of the lipolytic spectrum from LPL: whereas LPL

Aliquots of EL, HL
and LPL medium were assayed for triglyceride lipase
and phospholipase activities
[16]. The ratio of triglyceride
lipase to phospholipase activity was then determined.

Fig. 8.3
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LPL

HL

EL

Comparison of the hydrolysis of isolated lipoprotein fractions by conditioned media
containing LPL, HL or EL as indicated [16].

Fig. 8.4

preferentially hydrolyzes triglycerides in triglyceride-rich lipoproteins, EL preferentially hydrolyzes phospholipid-rich HDL, with hepatic lipase in between (Fig. 8.5).
The effect of endothelial lipase hydrolysis of HDL phospholipids on cellular lipid metabolism was examined by Strauss et al. [17]. Using either HepG2 cells infected with adenovirus encoding EL, or 293-HEK cells transiently transfected with
EL, they studied the fate of 14C-dipalmitoylphosphatidylcholine that had been incorporated into HDL isolated from normolipemic human plasma. In contrast to
control LacZ adinfected cells, there was a 1.6-fold increase in 14C-phospholipids
and a 2-fold increase in 14C-triglycerides in the lysate of cells overexpressing endothelial lipase. Infection of HepG2 cells with a catalytically inactive mutant EL also
resulted in an increase in amount of 14C-phospholipid in those cells as compared
with LacZ infected control cells. This suggests that endothelial lipase can mediate
binding and uptake of HDL to cells in vitro in a process independent of its enzymatic activity. The ability of endothelial lipase to mediate HDL binding and selective uptake of cholesterol esters to HepG2 cells was also studied [17]. HepG2 cells
infected with adenovirus encoding EL had a 1.5-fold increase in binding of HDL
and a 1.8-fold increase in selective uptake of HDL-cholesterol ester as compared
with adLacZ control cells. Catalytically inactive EL-expressing cells had 1.7-fold
higher HDL binding and 1.8-fold higher holoparticle HDL uptake, as compared to
wild-type EL expressing cells, but an equivalent level of selective uptake of cholesteryl ester, independent of SR-BI. In the presence of tetrahydrolipstatin, a lipase
inhibitor, there was a 5.2-fold increase in HDL binding, a 2.6-fold increase in holoparticle uptake and a 1.1-fold increase in selective uptake.

Fig. 8.5

Continuum of lipid and lipoprotein preferences for LPL, HL and EL.

8.5 Regulation of Endothelial Lipase Expression

8.5

Regulation of Endothelial Lipase Expression

Hirata et al. [4] have noted that activated endothelial cells had increased endothelial lipase mRNA. Jaye et al. found that, upon stimulation with phorbol ester, the
intensity of both 68 and 40 kDa bands increased in HCAEC and new bands of approximately 55 kDa, 38 and 36 kDa appeared in both HCAEC and HUVEC upon
stimulation [3]. These new bands were not characterized, but may represent alternative splice products or an enzymatic cleavage product. Hirata et al. demonstrated that the expression of endothelial lipase is regulated by cytokines, by fluid
shear stress and by cyclic stretch [18]. Using both HUVEC and HCAEC, they examined the effects of IL-1b and TNF-a on endothelial lipase mRNA levels. Exposure to IL-1b for 24 h resulted in a 6.5-fold increase in EL mRNA in both HUVEC
and HCAEC. TNF-a produced a ca. 4-fold increase in EL mRNA. The same group
examined the response of both HUVEC and HCAEC to shear stress, and found a
2–3-fold increase in EL mRNA after 6 h of exposure. Additionally, cyclic stretch resulted in a 2.7-fold increase in EL mRNA. They concluded that EL expression is
highly regulated by factors implicated in the development of vascular disease.
Jin et al. have examined the effects of cytokines on EL mRNA, protein, and activity in HUVEC and two microvascular cell lines [12]. Stimulation of HUVEC
with either IL-1b or TNF-a resulted in a marked increase in both triglyceride lipase and phospholipase activities of culture medium. Immunoprecipitation of this
culture medium with rabbit polyclonal anti-endothelial lipase antibody resulted in
loss of most phospholipase and triglyceride lipase activity from cytokine-stimulated cells, indicating that EL is the source of most of the secreted lipase activity.
There is also a dose-dependent increase in both protein expression (Fig. 8.6) and
mRNA levels in response to increasing doses of either IL-1b or TNF-a, an effect
that was also seen in both dermal microvascular cells and uterine microvascular
cells. Using various agents that antagonize the transcriptional effects of cytokines
on gene expression, they found that only SN50, an inhibitor of the NF-jB pathway, partially abolished EL mRNA expression.
The cytokine-induced increase in endothelial lipase expression and secretion by
endothelial cells is in marked contrast to the effect of cytokines on hepatic lipase
and lipoprotein lipase expression. Feingold et al. found that cytokines down-regulate lipoprotein lipase [19] and hepatic lipase [20] expression. Both acute and
chronic inflammatory conditions are associated with decreased HDL levels [21]. A
decrease in HL levels in inflammatory states would be expected to increase HDL
levels. These results support the possibility that endothelial lipase has a significant role in regulating HDL levels, especially in inflammatory states.
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B

C

EL protein secretion in HUVEC increases in response to increasing amounts of
either TNFa or IL-1b [12]. Unstimulated

Fig. 8.6

HUVEC represents baseline expression, and
PMA-stimulated cells serve as a positive control.

8.6

Physiology of Endothelial Lipase

The physiological role of endothelial lipase (EL) in regulating lipoprotein metabolism has been demonstrated by overexpression and loss of function studies in
vivo. Jaye et al. [3], using somatic gene transfer with adenovirus encoding human
EL cDNA in wild-type mice, showed that hepatic overexpression of EL resulted in
a dramatic reduction of HDL-C and apoA-I levels (Fig. 8.7). Three days after vector
injection, HDL-C levels were barely detectable, and remained extremely low for up
to 4 weeks. These results were the first indication that EL expression has major effects on HDL metabolism in vivo. To a lesser extent, overexpression of EL decreased the amount of VLDL/LDL cholesterol to 50% in LDL–/– mice [3]. Ishida et
al. found that transgenic mice using a BAC clone containing the human EL gene
had a 19% reduction in HDL-C, a 26% decrease in apoA1, but otherwise similar
composition of their HDL particles [11]. These transgenic mice tended to have
lower levels of apoB-containing lipoproteins which did not reach statistical significance.
Loss-of-function studies have been critical to establishing a physiological role for
EL in lipoprotein metabolism. Jin et al. used a neutralizing antibody specific for
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Adenoviral-mediated EL gene transfer into wild-type mice resulted in a dramatic
reduction in HDL-C and Apo-AI levels [3].

Fig. 8.7

Three days after vector injection, HDL-C levels were barely detectable, and remained extremely low for up to 4 weeks.

murine EL and found that the acute inhibition of EL in wild-type mice caused a
ca. 25% increase in HDL cholesterol and a 47% increase in phospholipids [22]. In
human apoA-I transgenic mice, acute EL inhibition resulted in a 47% increase in
HDL-C levels and a 45% increase in apoA-I levels (Fig. 8.8). The increase in HDL
levels was a result of a 21% slower fractional catabolic rate of HDL particles
(0.42 ± 0.03 vs. 0.53 ± 0.02 pools per hour) in the mice injected with murine EL
antibody compared with mice injected with control antibody. Mice lacking hepatic
lipase were also studied and found to have a significant increase in HDL-C levels
and size after injection of the anti-EL antibody, proving that the results were not
due to cross-inhibition of HL. The composition of HDL particles was not significantly changed by EL inhibition, indicating that the overall number of HDL particles was increased by inhibition of EL.
Two lines of EL knockout mice, generated by two independent groups [11, 23],
were found to have a ca. 50% increase of HDL-C levels in homozygous mice and
an intermediate 25% increase in heterozygous mice. Ishida et al. found no
change in the lipoprotein particle composition and suggested that the increase in
HDL levels was also due to an increased number of HDL particles [11]. Ma et al.
reported that NMR analysis of the lipoprotein particles in these mice revealed an
abundance of larger particles, H4 and H5, with mean HDL diameters that were
larger in the knockouts compared to wild-type mice (10.25 ± 0.34 nm vs.
9.46 ± 0.37 nm) [23]. Using a dipalmitoyl phosphocholine emulsion assay, Ishida et
al. observed that post-heparin phospholipase activity was reduced in EL–/– mice
[11]. The hepatic expression of several genes involved in regulating HDL structure
and metabolism was altered in EL–/– mice [23]. There was down-regulation of
PLTP, up-regulation of HL and LPL, and no change in SR-BI and ABCA1 in the
liver. Similar to the findings using antibody inhibition, the absence of EL delayed
the clearance of HDL [23]. This suggests that HDL structure and other alterations
in protein expression in the EL–/– mice contribute to the delay in HDL clearance
in these mice.
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A neutralizing antibody specific for murine EL injected into human apoA-I transgenic
mice resulted in a 47% increase in HDL-C levels and a 45% increase in apoA-I levels.

Fig. 8.8

There are currently no published data regarding EL mass or activity levels in
human plasma. Indeed, there has been relatively little study of phospholipase activity in human plasma. Phospholipase activity increases after administration of
heparin [24]. Some of the phospholipase activity in human plasma [25] has been
attributed to lecithin-cholesterol acyltransferase (LCAT) [26] and hepatic lipase
[27]. In the presence of inflammation, the secretory phospholipase A2 (sPLA2)
may account for some of the plasma phospholipase activity and is also increased
after heparin administration [28]. The contribution of endothelial lipase to plasma
phospholipase activity is unknown, but the decrease in post-heparin phospholipase activity in EL knockout mice suggests that EL may contribute substantially to
plasma phospholipase activity in humans.
In our current working model of endothelial lipase action (Fig. 8.9) we suggest
that EL is synthesized by endothelial cells in various tissues, and is secreted and
binds to HSPGs on the cell surface, where it binds to circulating lipoproteins
(particularly HDL), hydrolyzing phospholipids and resulting in lipoprotein particles with reduced phospholipid content and altered systemic metabolism. The
products of the lipolytic reaction are fatty acids and lyso-PC. Fatty acids may be
utilized by the endothelial cells or underlying tissues as an energy source or for
storage, or may serve other cellular functions. The phospholipid-depleted HDL
particle may have increased uptake of cholesteryl ester by tissues. The loss of
phospholipids results in dissociation of apoA-I, generating lipid-poor apoA-I that
is rapidly catabolized. Many aspects of this working model have yet to be tested
experimentally.

8.7 Variation in the Human Endothelial Lipase Gene

Current working model of endothelial lipase function. EL is synthesized by endothelial cells in variety of various tissues, is secreted and binds to HSPGs on the cell surface. There it binds to circulating lipoproteins,
hydrolyzing phospholipids and resulting in lipoprotein particles that are reduced in phos-

Fig. 8.9

pholipid content and have altered systemic
metabolism. The products of the lipolytic reaction are fatty acids and lyso-PC. Fatty acids
may be utilized by the endothelial cells or underlying tissues as an energy source or for
storage, or may serve other cellular functions.

8.7

Variation in the Human Endothelial Lipase Gene

Approximately 50% of the influence on HDL levels is considered to be genetic
[29, 30]. Genetic variation in endothelial lipase may influence the size and
amount of HDL in human plasma. The potential that elevated HDL-C levels may
be a result of functional polymorphisms and mutations in the EL gene has been
examined by deLemos et al. [31]. 1200 base pairs of the promoter and all exons of
the EL gene were sequenced in 20 individuals with HDL-C levels greater than the
90th percentile for age, sex and race. Seventeen polymorphic sites were identified
in these individuals and confirmed (Tab. 8.1), six of which were determined “potentially functional”: four resulting in amino acid changes (Gly26Ser, Thr111Ile,
Thr298Ser and Asn396Ser) and two in the promoter (-303A/C and -410C/G). The
genotypic frequencies of each variant was then determined in 176 black controls,
165 white controls and 123 whites with high HDL-C (Tab. 8.2). The Thr111Ile
polymorphism was most common, occurring in 32.6% of high white HDL-C subjects, 31.2% of control white subjects but in 10.3% of control black subjects.
There was no association between HDL-C levels and the presence of this polymorphism. Three variants, Gly26Ser, Thr298Ser, and -303A/C, were found in the
cohort of high HDL-C whites and in blacks but not in the control white population. The Gly26Ser, Thr111Ile and promoter polymorphisms are the subject of
further study.
Ma et al. [23] have determined the frequency of the single nucleotide polymorphism (SNP) 584C/T, which produces the Thr111Ile variant, in 372 members
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Tab. 8.1 EL variants identified in 20 individuals with high HDL-C

Name

Alleles

Location

Base position

a.a. position a.a. change

No. alleles

-410C/C
-303A/C
Gly26Ser
Thr298Ser
Asn396Ser
Thr111Ile
229.5'UTR
51.Intron1
55.Intron1
98.Intron4
Ser4Ser
Ser21Ser
1922.Intron2
42.Intron5
840.Intron7
2725.Intron8
2237.3'UTR

C/G
A/C
G/A
C/G
A/G
C/T
T/G
C/T
C/G
G/A
C/A
C/T
T/C
C/T
A/G
T/C
A/G

Promoter
Promoter
Exon 1
Exon 6
Exon 8
Exon 3
5'UTR
Intron 1
Intron 1
Intron 4
Exon 1
Exon 1
Intron 2
Intron 5
Intron 7
Intron 8
3'UTR

–410
–303
328
1145
1439
584
229
51
55
98
264
315
1922
42
840
2725
2237

n/a
n/a
26
298
396
111
n/a
n/a
n/a
n/a
4
21
n/a
n/a
n/a
n/a
n/a

1
1
1
1
1
14
17
14
14
13
3
3
5
9
15
16
11

n/a
n/a
Gly-Ser
Thr-Ser
Asn-Ser
Thr-Ile
n/a
n/a
n/a
n/a
Ser-Ser
Ser-Ser
n/a
n/a
n/a
n/a
n/a

Tab. 8.2 Frequency of selected EL variants

Name

Control African
Americans
(n = 176)

Control
Caucasians
(n = 165)

High HDL-C
Caucasians
(n = 123)

-410C/G
-303A/C
Gly26Ser
Thr111ILe
Thr298Ser
Asn396Ser

0.0
1.8
5.7
10.3
2.3
0.6

0.3
0.0
0.0
31.2
0.0
1.2

0.0
0.4
0.8
32.6
0.4
2.4

of the Lipoprotein and Coronary Atherosclerosis Study. They found a significant
univariate association between the 584C/T allele and mean plasma levels of HDLC but did not report a multivariate analysis. There was an allele-dependent variation with the rank order TT > CT > CC for both HDL-C and apolipoprotein A-I/apolipoprotein B ratios. Over a 2.5 year period there was no difference between genotypes in progression or regression of disease. They reported no significant difference in the HDL-C response of individuals with the 584C/T SNP to fluvastatin
therapy.
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8.8

Endothelial Lipase as a Potential Pharmacologic Target

Epidemiologic studies have indicated a very strong inverse association between
HDL-cholesterol levels and the incidence of arteriosclerotic cardiovascular disease
[32]. HDL is thought to promote efflux of cholesterol from peripheral cells in the
vascular wall and return of that cholesterol to the liver for excretion in bile, a process known as reverse cholesterol transport [21]. HDL has also been shown to
have anti-inflammatory and anti-thrombotic activities [21]. Therefore, HDL levels
may influence both the hyperlipidemia and inflammatory processes proposed as
factors in the development of atherosclerosis. Although clinical data in support of
HDL-raising are limited, in the VA-HIT trial gemfibrozil therapy in men with
coronary artery disease and low HDL-cholesterol modestly increased HDL levels
and reduced coronary events by 22% [33]. Presently, other methods of effectively
and safely increasing HDL-cholesterol levels have not been discovered.
The gain-of-function and loss-of-function studies with endothelial lipase in mice
reviewed above suggest that levels of EL are an important determinant of HDL-C
levels and that inhibition of EL would raise HDL-C levels. By hydrolyzing HDL
phospholipids, EL generates increased amounts of lipid-poor apoA-I, which are at
greater risk of being catabolized by the kidneys. Thus, inhibition of EL might reduce HDL phospholipid hydrolysis and reduce apoA-I and HDL-C turnover, thus
increasing apoA-I and HDL-C levels and HDL size. Importantly, EL has other
physiologic effects that could promote atherogenesis. The products of the EL-catalyzed reaction are unesterified fatty acids and lysophosphatidylcholine. Free fatty
acids induce endothelial dysfunction, and lysoPC has various pro-inflammatory effects that may promote atherosclerosis. Therefore, in addition to raising HDL-C
levels, inhibition of EL could reduce the generation of FFA and lysoPC at the level
of the vessel wall and therefore have direct anti-atherogenic effects.
More data are needed before EL can be regarded as a bona fide candidate for the
development of new pharmacologic inhibitors. Data regarding the effects of modulating EL activity on atherosclerosis in mice and other animals are needed. Data
in humans regarding the relationship between EL mass and activity and HDL-C
levels and function, as well as with atherosclerosis, are also needed. Nevertheless,
pharmacologic inhibition of endothelial lipase appears to be a potentially promising approach to increasing HDL levels and reducing atherosclerosis.
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Digestive Lipases Inhibition: an In vitro Study
Ali Tiss, Nabil Miled, Robert Verger, Youssef Gargouri, and Abdelkarim Abousalham

9.1

Introduction

Under normal physiological conditions the digestion and absorption of dietary lipids are highly efficient processes. In industrialized countries, the daily human
diet intake generally contains an average of 90–120 g of lipids, mostly triacylglycerides (TAG), more than 95% of which are absorbed, due to the action of the
stomach, small intestine, liver and pancreas [1, 2]. Several steps can be distinguished in the processing of dietary lipids, including their emulsification, hydrolysis and micellization, and lastly, their uptake by the enterocytes. The emulsification of lipids starts in the stomach and is mediated by physical forces and facilitated by the partial lipolysis of the dietary lipids [2]. For a long time, the hydrolysis of dietary TAG was thought to begin in the intestinal lumen and to be catalyzed entirely by pancreatic lipase. The stomach was thought to be a transient
storage organ, the role of which was limited to mixing lipids with the other nutrients and dispersing them. In human, it has been now clearly established that the
hydrolysis of alimentary TAG begins in the stomach and is catalyzed by human
gastric lipase (HGL) [3–5] which is able to hydrolyze short and long chain TAG at
comparable rates. Under acidic pH conditions, HGL has been shown to be remarkably stable and active, whereas pancreatic lipase irreversibly loses its lipolytic
capacity.
Human pancreatic lipase (HPL) alone is inactive in vitro on an emulsified TAG
substrate in the presence of supramicellar concentrations of bile salts such as
those found in the small intestine. Bile salts are amphiphilic molecules that bind
to the oil–water interface and prevent pancreatic lipase adsorption, and thus lipolysis, from occurring [3, 4]. The inhibition by bile salts can, however, be reversed
by the specific pancreatic lipase cofactor colipase [3, 5–7], via the formation of a
specific 1 : 1 lipase–colipase complex.
HPL has been purified from the pancreatic juice by De Caro et al. [8]. In contrast to
most other pancreatic enzymes, which are secreted as proenzymes and further activated by proteolytic cleavage in the small intestine, pancreatic lipase is directly secreted as a 50 kDa active enzyme consisting of 449 amino acid residues including
a high mannose or complex-type glycan chain N-linked to Asn 166. In vitro, the max-
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imum specific activities, obtained using 4 mM NaTDC and colipase in excess, were
12000 units/mg at pH 8, 6000 units/mg at pH 7.8 and 4600 units/mg at pH 8 using
tributyroylglycerol (tributyrin), trioctanoylglycerol and IntralipidTM as substrates, respectively. The cDNA has been cloned [9] and expressed in a baculovirus/insect cells
system [10]. The recombinant HPL (rHPL) which was secreted in the culture medium at high level (40 mg/L) was obtained after a one-step purification procedure. The
kinetic characterizations have shown that the kinetic and surface behavior of rHPL
was similar to that of the native enzyme.
Bodmer et al. [11] have cloned, sequenced, and expressed active HGL in yeast.
The amino acid sequence obtained from the cDNA consists of 379 residues as
compared to 449 residues constituting HPL. No amino acid sequence homology
exists between HGL and HPL, except for short regions of six residues containing
serine in a position analogous to that of the essential serine 152. The cDNA sequence of HGL shows the presence of three cysteine residues in comparison to
PPL which contains 14 cysteine residues (6 disulfide bridges and 2 free sulfhydryl
groups).
Conventional treatments for obesity have focused largely on strategies to control
energy intake, however, the long-term efficacy of such approaches is limited [12].
A reduction of dietary fat adsorption by an inhibitor of digestive lipases hold great
promise as an anti-obesity agent.

9.1.1

3-D Structure of Human Pancreatic Lipase

The determination of the 3-D structure of HPL by Winkler et al. [13] confirmed
the existence of two distinct domains in pancreatic lipase: a larger N-terminal domain comprising residues 1–336, and a smaller C-terminal domain made up of
residues 337–449. The high degree of amino acid sequence homology observed
within the lipase gene family supports the view that this particular architecture is
also common to lipoprotein lipase and to hepatic lipase [14–19].
As illustrated in Fig. 9.1, and discussed in a review by Winkler and Gubernator
[20], the large N-terminal domain is a typical a/b hydrolase fold dominated by a
central parallel b-sheet [21]. It contains the active site with a catalytic triad formed
by serine 152, aspartate 176, histidine 263, all of which are conserved in lipoprotein lipase and hepatic lipase. This catalytic triad is chemically analogous to that
originally described in serine proteases such as chymotrypsin [22]. The nucleophilic elbow, b-strand/Ser/a-helix, structural motif including the Gly-X-Ser-X-Gly consensus sequence has been detected mostly in lipases and esterases [23–26]. Bacillus and Candida antartica B lipases have a variation to Ala-X-Ser-X-Gly and Thr-XSer-X-Gly, respectively. This consensus sequence is, however, homologous to that
found in other enzymes such as haloalkane dehalogenase, bromoperoxidase and
acyltransferase. The 3-D structure of HPL clearly demonstrated that serine 152 is
the nucleophilic residue essential for catalysis, in agreement with the chemical
modification of serine 152 in porcine pancreatic lipase (PPL) [27], and in contra-

9.1 Introduction
3-D structure of HPL
and conformational changes induced by the adsorption to a lipid
interface. From [19], adapted from
[32, 118].

Fig. 9.1

diction with results suggesting a function of serine 152 in interfacial recognition
[28]. The hydrolytic mechanism is directed by a nucleophilic attack by the serine
152, and the tetrahedral intermediate formed is stabilized by an oxyanion hole.
An acyl-enzyme is then formed, and the alcohol moiety is leaving the active site.
The action of a water molecule permits to regenerate the enzyme and the liberation
of the acyl moiety.
In the 3-D structure resolved by Winkler et al. [13], the active site is covered by
a surface loop between the disulfide bridge cysteine 237 and 261. This surface
loop includes a short one-turn a-helix with a tryptophan residue (Trp 252) completely buried and sitting directly on top of the active site serine 152. Under this
closed conformation, found mainly in aqueous solution, the “lid” prevents the dispersed substrate from gaining access to the active site. Spectroscopic studies of
tryptophan fluorescence have shown that large spectral changes are induced by
acylation of pancreatic lipase with the inhibitor tetrahydrolipstatin (THL, orlistat)
in the presence of bile salt micelles [29]. By crystallizing the pancreatic lipase–procolipase complex in the presence of mixed lipid micelles, it was shown that the
“lid” was shifted to one side, exposing both the active site and a larger hydrophobic surface [30]. This motion is induced when the binding to the lipid occurs and
is probably the structural basis for “interfacial activation” of pancreatic lipase [31].
The b-sandwich C-terminal domain of pancreatic lipase is necessary for colipase
binding to occur, as shown in the 3-D structure of the HPL–porcine procolipase
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complex [32]. Procolipase is a “three finger” protein which is topologically comparable to snake toxins, known to bind phospholipids, even though these proteins do
not share any sequence homology. In the 3-D structure of the pancreatic lipase/
procolipase complex, the N-terminal pentapeptide (activation peptide or “enterostatin”) was not visible in the electron density map [32]. This is why we consider
that pro- and colipase have basically identical 3-D structures. Colipase lacks any
well-defined secondary structural elements. This small protein seems to be stabilized mainly by an extended network of five disulfide bridges that runs throughout the flat-shaped molecule, reticulating its finger-like loops. The colipase surface
can be divided into a rather hydrophilic part, interacting with lipase, and a more
hydrophobic part, formed by the tips of the fingers which are very mobile and
constitute the lipid interaction surface. The interaction between colipase and the
C-terminal domain of lipase is stabilized by eight hydrogen bonds and about 80
van der Waals contacts. Upon the opening of the lid, three more hydrogen bonds
and about 28 van der Waals contacts are added, explaining in part the higher apparent affinity in the presence of a lipid/water interface. The fact that colipase
and lipase are co-localized at the interface may contribute to a higher affinity constant. In the absence of an interface, no conformational change in the lipase molecule is induced by the binding of procolipase. The 3-D structure of the open
form of the HPL–procolipase complex in the presence of mixed lipid micelles revealed, however, that the “lid” binds to the procolipase N-terminal domain when
the complex is activated at an interface [33]. The open 3-D structure of the lipase–
procolipase complex illustrates how colipase might anchor the lipase at the interface in the presence of bile salts: colipase binds to the non-catalytic b-sheet of the
C-terminal domain of HPL and exposes the hydrophobic tips of its fingers at the
opposite side of its lipase-binding domain. This hydrophobic surface, in addition
to the hydrophobic backside of the lid, helps to bring the catalytic N-terminal domain of HPL into close contact with the lipid/water interface, as shown in Fig.
9.1. Horse pancreatic lipase has been solved and is almost identical to HPL [34].

9.1.2

3-D Structure of Human Gastric Lipase

The crystal structure of the HGL, expressed in baculovirus/insect cell system was
obtained at 3 Å resolution [35]. This structure was the first to be resolved within
the acidic lipases family. HGL is a globular protein that exhibits the a/b hydrolase
fold (Fig. 9.2). The final model contains residues 9 to 53 and 57 to 379, six sugar
residues located on the four potential N-glycosylation sites and a disulfide bridge
Cys 227–Cys 236, whereas Cys 244 is free (Fig. 9.2). In lipases, as well as in serine
proteases [36], the catalytic machinery consists of a triad and an oxyanion hole. In
HGL, the nucleophilic serine (Ser 153) belonging to the usual consensus sequence G-X-S-X-G is located at the connection between an a helix and a b strand
has an e conformation, which are characteristic features of all enzymes within the
a/b hydrolase fold family [21]. His 353 and Asp 324 are the other two residues
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forming the catalytic triad. The core domain, which is located between residues
9–183 and 309–379, contains a central b-sheet composed of eight strands, seven of
which are parallel and one is anti-parallel (strand 2) with 1(-2)435678 connectivity
and six helices, three on each side of the b-sheet (Fig. 9.2). Strikingly, an extrusion
domain (residues 184–308), called cap domain, occurs at the same location in
wheat serine carboxypeptidase II (residues 181 to 311) [37] and in human protective protein (residues 181 to 347) [38]. This domain is an intricate mixture of
eight helices, turns and random coils (Fig. 9.2) covering the core domain and the
catalytic triad. Protrusions have been observed in other lipases, generally constituting the device covering the active site and called the lid [13, 30, 39, 40].
Recently, Roussel et al. [41] reported the open 3-D structure of the recombinant
dog gastric lipase (DGL) at 2.7 Å resolution in complex with the undecyl-butyl
(C11Y4) phosphonate inhibitor (see chapter 3.3.3). HGL and DGL show 85.7%
amino acid sequence identity, which makes it relevant to compare the forms from
two different species. The open DGL structure confirms the previous description
of the HGL catalytic triad, Ser(153), His(353), and Asp(324), with the catalytic serine buried and an oxyanion hole (NH groups of Gln(154) and Leu(67)). In DGL,
the binding of the C11Y4 phosphonate inhibitor induces part of the cap domain,
the lid, to roll over the enzyme surface and to expose a catalytic crevice measuring
approximately 20 ´ 20 ´ 7 Å3. The C11Y4 phosphonate fits into this crevice, and a
molecule of b-octyl glucoside fills up the crevice. The C11Y4 phosphonate inhibitor and the detergent molecule suggest a possible binding mode for the natural
substrates, the TAG molecules.

9.2

Methods for Lipase Inhibition

In order to describe the kinetics of a lipolytic enzyme acting at an interface, a simple and versatile model has been proposed by Verger et al. [42]. This model consists basically of two successive equilibria. The first describes the reversible penetration of a water-soluble enzyme into an interface (E=E*). This is followed by a
second equilibrium in which one molecule of penetrated enzyme binds a single
substrate molecule, forming the enzyme–substrate complex (E*S). This is the twodimensional equivalent of the classical Michaelis-Menten equilibrium. Once the
complex (E*S) has been formed, the catalytic steps take place, regenerating the
enzyme in the form E* and liberating the lipolysis products. An extension of the
previous kinetic model was proposed by Ransac et al. for depicting the competitive inhibition [43], as well as the covalent inhibition of lipolytic enzymes at a lipid/water interface (Fig. 9.3) [44].
Achieving specific and covalent inhibition of lipolytic enzymes is a difficult task,
because of mutually non-exclusive processes such as interfacial denaturation,
changes in “interfacial quality” [45], and surface dilution phenomena [46]. Further-
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Stereo ribbon representation of
HGL. View with the central b-sheet parallel to
the paper plane. The cap domain on top of
the a/b hydrolase core domain is colored magenta and the putative lid, green. For the a/b
hydrolase fold, the colour code is helices, red,
Fig. 9.2

strands, blue, turns and random coil, yellow.
The catalytic triad, Ser-153, His-353, and Asp324, the disulfide bridge, and the Asn-attached sugars are shown in ball and stick representation [35].

more, the interfacial enzyme binding and/or the catalytic turnover can be diversely affected by the presence of potential amphipathic inhibitors [47, 48].
In this chapter, we will present and discuss results concerning mostly the covalent inhibition of digestive lipases from different origins. Rather than presenting
an exhaustive list of compounds tested so far with lipases of animal and microbial
origin, we have selected experimental data illustrating the specific problems encountered during the covalent inhibition of digestive lipases. We have not reviewed here the non-covalent “inhibition” observed with proteins and tensio-active
agents, which usually do not interact specifically with lipases but generally adsorb
at the lipid/water interface, affecting the “interfacial quality” [49] and hence the lipase activity.
In Fig. 9.4 are depicted the chemical structures of all inhibitors we will discuss:
diethyl p-nitrophenyl phosphate (E600), orlistat and O-methyl-O-(p-nitrophenyl) nundecylphosphonate (C11-P). In order to study the effects of these reagents,
which can in principle modify covalently several essential amino acid residues of
the lipases, we have proposed four different methods [50–52], depending upon the
order of addition of lipase, substrate and inhibitor (Fig. 9.5).

9.2 Methods for Lipase Inhibition

Kinetic model illustrating the covalent inhibition of a lipolytic enzyme at a lipid/
water interface. Symbols and abbreviations
are as follows: A, total interfacial area (surface); V, total volume (volume); E, free enzyme concentration (molecule/volume); E*,
interfacial enzyme concentration (molecule/
surface); S, interfacial concentration of substrate (molecule/surface); I, interfacial concentration of inhibitor (molecule/surface); P,
product concentration (molecule/volume);
E*S, interfacial enzyme–substrate complex
Fig. 9.3

Fig. 9.4

concentration (molecule/surface); E*I, interfacial enzyme–inhibitor complex concentration
(molecule/surface); E*i, covalently inactivated
enzyme concentration (molecule/surface); kd,
desorption rate constant (time–1); kp, penetration rate constant (volume surface–1 time–1);
kcat, catalytic rate constant (time–1); ki, inhibi* , interfacial Mition rate constant (time–1); KM
chaelis-Menten constant (molecule/surface);
K*I, interfacial dissociation constant for the enzyme-inhibitor complex (molecule/surface).
From [44].

Chemical structures of various lipase inhibitors: E600; orlistat and C11-P.
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Methods used to study the effects of
inhibitors on lipase activity. Four methods A,
B, C and D were used. The arrows indicate

Fig. 9.5

the order of the successive injections of inhibitor, lipases and substrate. Adapted from [57,
119].

9.2.1

Method A: Lipase/Inhibitor Pre-incubation

This method (Fig. 9.5 A) was set up to test, in aqueous medium and in the absence of substrate, the possible reactions between lipases and all the reagents to
be tested [53, 54]. Residual lipase activity was measured separately using an emulsified substrate. Sometimes the inhibitor is incorporated into a solution of a tensio-active agent in order to create a mixed micellar interface, containing the incorporated inhibitor, and described as method A' by Cudrey et al. [52].

9.2.2

Method B: Inhibition During Lipolysis

This method (Fig. 9.5 B) was designed to test whether any inhibition reaction occurred in the presence of a water-insoluble substrate during lipase hydrolysis. Lipase was injected into the reaction vessel of a pH-stat containing the emulsified
substrate maintained under vigorous stirring. The inhibitor was injected a few
minutes after lipase addition. Lipase activity was then continuously recorded
(Fig. 9.5 B).

9.2 Methods for Lipase Inhibition

9.2.3

“Pre-poisoned” Interfaces
9.2.3.1 Method C

The inhibitor was injected before the enzyme addition at various concentrations
into a lipolysis assay containing the emulsified substrate under vigorous stirring.
Lipase activity was then continuously recorded (Fig. 9.5 C).

9.2.3.2 Method D

With method D, the inhibitor was previously dissolved into the substrate before
carrying out the lipase assay (Fig. 9.5 D). This inhibition method was used with
the pH-stat, monomolecular films and oil drop techniques. Lipase hydrolytic activity was then continuously recorded as described below.

Oil Emulsions
The inhibitor was previously dissolved at various concentrations into the lipid substrate before its emulsification under vigorous stirring in a lipolysis vessel
(Fig. 9.5D). Lipase was then added and its activity was continuously recorded.

Monomolecular Films
With conventional emulsified systems, it is not possible to control the “interfacial
quality” and to easily assess the distribution of soluble versus adsorbed amphiphilic molecules. This prompted us to use the monolayer technique, based upon surface pressure decrease due to lipid-film hydrolysis [55, 56]. This technique is applicable to those cases where the lipid forms a stable monomolecular film at the air/
water interface and where reaction products are freely soluble and diffuse away
rapidly into the aqueous phase.
The monolayer technique was also used to study the covalent inhibition of lipases using mixed monomolecular films of substrate containing amphiphilic inhibitor molecules and using a zero order trough with a reaction compartment
containing the mixed substrate/inhibitor film whereas the reservoir compartment
was covered with a film of pure substrate [44, 57].

Oil Drop
The kinetics of hydrolysis of purified soybean oil (PSO) by the lipase were monitored by recording the interfacial tension decrease with time, using the oil drop
tensiometer (ITConcept, France) as described by Nury et al. [58]. The interfacial
tension was measured by automatically analysing the drop profile on-line, using
the Laplace equation [59]. The accumulation with time of tensio-active components, i.e., lipolytic products, at the surface of an oil drop results in a decrease in
the interfacial tension, which in turn is correlated with changes in the oil drop
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profile [60, 61]. The main advantage of the drop tensiometer over other interfacial
techniques is that it can be used to monitor the lipase activity on natural longchain TAG, while controlling the interfacial parameters.
Inhibitor was previously dissolved at various concentrations in the PSO. Lipase
was then injected into the aqueous phase a few minutes after the formation of
the oil drop.

9.3

Inhibition of Lipases by E600 and Various Phosphonates

Organophosphorus compounds, such as diisopropylfluorophosphate and E600, are
phosphorylating agents known to be powerful inhibitors of serine proteases. They
have been shown to specifically and irreversibly react with the active-site serine in
these enzymes. Thus, these phosphorylating agents have been invaluable tools in
the investigation of mechanistic and structural features of proteases. However,
pancreatic lipase is not inhibited by classical serine esterases inhibitors such as
diisopropylfluorophosphate, benzamidine and phenylmethylsulfonylfluoride; in
fact, these serine protease inhibitors are currently used to protect pancreatic lipase
during the purification procedures [62]. However, some aromatic sulfonylhalides
such as pipsyl- and possibly also dansylchloride inhibit PPL by reacting with several residues probably including a serine [63, 64].
In previous studies, it has been shown that organophosphorus compounds such
as diethyl-E600 are able to stoichiometrically inactivate PPL [63, 65, 66]. This chemical inhibition of pancreatic lipase occurred exclusively with mixed E600/bile salt
micelles and in the presence of colipase [66]. Guidoni et al. [27] have shown that
serine 152 in PPL can be specifically labeled with E600. Furthermore, it was reported by Chapus and Sémériva [28] that E600-modified PPL or diethylphospho-lipase (DP-lipase) had a decreased interfacial binding capacity onto siliconized glass
beads but was still able to hydrolyze a water-soluble substrate such as p-nitrophenyl acetate (p-NPA). Without any restriction, these authors extrapolated their results obtained with siliconized glass beads to lipid/water interfaces and speculated
that the essential serine 152 of PPL was involved in the lipid binding domain, and
not in the catalytic site. Along the same line, Sikk et al. [67] reported the irreversible inhibition of pancreatic lipase by bis-p-nitrophenyl methyl phosphonate. The
covalently modified enzyme did not bind on siliconized glass beads. Tyrosine 49
was presumed to be the modification site. The conclusion has been made that
this residue is involved in the interfacial recognition site of pancreatic lipase [67].
From these initial speculations, it came to be generally assumed that the homologous pentapeptide Gly-X-Ser-X-Gly which is to be found in all the known lipase
sequences might be part of the lipid binding domain of these lipases [9, 47, 67–
72]. It did seem rather puzzling however that the only preserved stretch of sequence detected in all lipases was apparently the lipid binding domain and not
the catalytic site. This misinterpretation was probably due to the implicit assump-
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tion that siliconized glass beads were a good substitute and a valid model for the
“interfacial quality” of TAG/water interfaces. Finally, the first three-dimensional
crystallographic structures of human pancreatic [13] as well as several fungal and
bacterial [73–80] lipases have been solved. From these lipase 3-D structures, it is
now clear that essential serine 152 of the pancreatic lipase is part of the classical
Asp/His/Ser triad and constitutes the nucleophilic residue essential for catalysis.
The spatial arrangement of the proposed catalytic triad in these lipases is very
similar to the catalytic triad of classical serine esterases, such as trypsin. The widespread distribution of Gly-X-Ser-X-Gly pentapeptide in the primary structures of
all the known lipases and the apparent contradiction between previous interpretations of the interfacial binding data and the 3-D structure of pancreatic lipase
have underlined the importance to investigate the potential role of serine 152. We
therefore reinvestigated the inhibition of PPL using radiolabeled E600 and extended this study to gastric lipases such as HGL and rabbit gastric lipase (RGL)
purified according to published methods [81, 82].

9.3.1

Inhibition of PPL, HGL and RGL by Radiolabeled E600

Fig. 9.6 gives the time course of inhibition of PPL, HGL and RGL incubated at
pH 6.0 with radiolabeled E600/sodium taurodeoxycholate (NaTDC) mixed micelles
at an E600 to lipase molar ratio of 84. PPL and HGL showed the same inhibition
rates, reaching a plateau at a level of 20% remaining activity after 5 h of incubation. This partial inhibition of PPL by E600 was previously reported by Rouard et
al. [66]. By contrast, RGL inhibition proceeded at a faster rate, and the lipolytic activity was completely abolished after 60 min of incubation. From previous data on
gastric lipase inhibition by sulfhydryl reagents, RGL can be said to have shown a
faster reaction rate than HGL [83, 84]. This difference in reaction rate might reflect a difference in active site accessibility.
After removing by gel filtration the excess micellar radiolabeled E600, the labeling stoichiometry of the inactivated lipases was determined and correlated with
the percentage of lipase inhibition [85]. One can note the existence of a direct correlation between the inhibition levels of the three digestive lipases tested and the
stoichiometric labeling obtained with [14C] E600. In the case of PPL, it has been
clearly shown that the classical serine reagent (E600) inactivates the enzyme after
reacting with the essential serine 152 [27]. Site-directed mutagenesis have confirmed the involvement of serine 152 in the catalytic activity [86]. Furthermore, we
showed for the first time that gastric lipases were also stoichiometrically inactivated by mixed E600/bile salt micelles under experimental conditions identical to
those used with PPL.
Chemical modification of the single free sulfhydryl group of gastric lipases,
with either 4,4'-dithiopyridine or 5,5'-dithiobis(2-nitrobenzoic acid) [83, 84], induced a complete loss of activity, when water-soluble p-NPA or emulsified tributyroylglycerol (tributyrin) were used as substrates [85]. Both catalytic activities were
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Time course of inhibition of PPL,
HGL, and RGL during incubation with radiolabeled E600 (E600 to lipase molar ratio: 84).
Lipases (25 nmol) were incubated with
2.1 lmol of E600 (200 lCi) at 25 8C in 50 mM

Fig. 9.6

acetate buffer (pH 6.0), 50 mM NaCl, 25 mM
CaCl2, and 3 mM NaTDC. Residual lipase activity was measured on tributyrin as substrate. From [85].

also abolished by treatment with a serine reagent such as E600, suggesting that pNPA and tributyrin hydrolysis might take place at the same catalytic site of gastric
lipases, in sharp contrast with PPL. Previous investigations [87, 88] showed that
after a limited chymotrypsin treatment of PPL, two domains were cleaved with a
concomitant loss of tributyrin activity. The isolated C-terminal domain of PPL (12
kDa) was still able to hydrolyze p-NPA and not tributyrin. The rate of hydrolysis
of p-NPA was no longer affected by the presence of an interface. The published 3D structure of HPL [13] shows that the essential serine 152 is located in the larger
N-terminal domain, at the C-terminal edge of a doubly wound, parallel b-sheet,
and that it is part of an Asp-His-Ser triad. This putative hydrolytic site is covered
by a surface loop and therefore rendered inaccessible to solvents. Thus interfacial
activation is likely to involve a substantial conformational change during adsorption at the lipid/water interface. A second potential “catalytic site”, located in the
C-terminal domain and containing histidine and aspartate residues, can be hypothesized to be responsible for the hydrolysis of p-NPA by pancreatic lipases. It
should be stressed, however, that the specific activity of digestive lipases on p-NPA
can be taken to be negligible since its amounts to less than one-thousandth of the
catalytic activity measured on tributyrin as substrate [85]. The significance of pNPA hydrolysis by pancreatic lipases has been overestimated in previous investigations, and there is no justification for extrapolating TAG hydrolysis mechanisms
from the p-NPA ones [28, 89].

9.3 Inhibition of Lipases by E600 and Various Phosphonates

9.3.2

Interfacial Binding to Tributyrin Emulsion of Native and Chemically Modified
Digestive Lipases

Several proteins (bearing lipolytic activity or otherwise) were incubated with a tributyrin emulsion. After centrifugation of the emulsified system, the non-lipolytic
proteins were entirely located in the aqueous supernatants, whereas each protein
bearing lipolytic activity was entirely located in the tributyrin phase. These data
show that the experimental binding protocol in which a tributyrin emulsion is
used and the oil and water phases are separated by centrifugation is an appropriate means of distinguishing between proteins able to specifically bind lipid/water
interfaces such as lipolytic enzymes. With this experimental protocol, the binding
of E600-modified lipases was found to be comparable to that of native lipases [85].
Furthermore, when DP-PPL was used in the presence of a tributyrin emulsion,
the interface-mediated labeling reaction with [3H] sulfobenzoic cyclic anhydride
was still possible [50], which also indicates that DP-PPL was present at the lipid/
water interface.
All in all, the results suggest that in both gastric as in pancreatic lipases, an essential serine residue, which was stoichiometrically labeled with the organophosphorus reagent (E600), is involved in catalysis and not in lipid binding.

9.3.3

Inhibition of Lipases by Phosphonates and the 3-D Structures
of Lipase-Inhibitor Complexes
9.3.3.1 Synthesis of New Chiral Organophosphorus Compounds Analogous to TAG

New synthetic methods to obtain lipase inhibitors were described [90–94], replacing the carbonyl of the hydrolyzable ester bonds by a phosphonate group including a good leaving group, as shown in Fig. 9.7. These compounds, mimicking in
both their charge distribution and configuration the transition state which occurs
during carboxyester hydrolysis, were synthesized and investigated as potential inhibitors of HPL and HGL. Their efficiency as inhibitors was studied on the basis
of the alkyl chain length, the nature of the leaving group and the influence of the
ester substituent [91]. The released p-nitrophenol to enzyme ratio indicates that a
1 : 1 complex was formed. In the absence of substrate, the most powerful inhibitor
was O-methyl O-(p-nitrophenyl) n-pentylphosphonate, which has a short alkyl
chain, a small methoxy substituent and a good leaving group.
Stadler et al. [95] studied the influence of substrate hydrophobicity and steric
hindrance by variation of the alkyl and acyl chain length at the sn-2 position of
the glycerol backbone. Hydrolysis of these synthetic substrates demonstrated that
minor structural variations at this sn-2 position of TAG strongly affect the stereoselectivity of the lipases tested. These authors concluded that the ester carbonyl in
the (non-hydrolyzed) sn-2 position of a TAG was responsible for correct positioning of the substrate in the binding site of lipases. Taking into consideration the
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Structure of various phosphonates and synthesis pathways. R = n-C5H11 for A products,
R = n-C11H23 for B products. From [91].

Fig. 9.7

above mentioned results, 1,2-diacyl-3-phosphonoglycerides, which are true acylglycerol analogues, were therefore synthesized by Marguet [92]. The author intentionally conserved the two carboxyl ester linkages in order to keep as closely as possible to the structure of acylglycerols (natural substrates). This choice turned out a
posteriori to be rational, since no or only negligible hydrolysis of these compounds
occurred during the experiments with digestive lipases.
These organophosphorus compounds have been prepared in an optically pure
form. The final step in the synthesis was the introduction of the phosphonate
group leading to a pair of diastereoisomers which were separated by performing
liquid chromatography. In this way, four pure stereoisomers, SCRP, SCSP, RCSP
and RCRP, were obtained as shown in Fig. 9.8. Marguet et al. [92] have been studied the inhibition of HGL and HPL by the monomolecular film technique using
mixed films of these chiral organophosphorus compounds, which are true TAG
analogues, and 1,2-didecanoylglycerol (dicaprin). Interfacial lipase binding has
been evaluated by means of ELISA tests with biotinylated lipases, with which it
was possible to measure the surface density of enzymes in the nanogram range.
With both enzymes, kinetic experiments were performed at various molar ratios
of dicaprin premixed with each of the four chiral inhibitors. All the four stereoisomers investigated reduced the hydrolysis of dicaprin by HGL and HPL. With
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Fig. 9.8

Structure of organophosphorus inhibitors which are TAG analogues. From [92, 99].

HPL, the four stereoisomers exhibited a rather weak inhibition capacity, and no
significant differences were observed among them. With each inhibitor tested, interfacial binding experiments using ELISA tests showed no significant difference
in the surface density of HPL, which confirmed the low stereoselectivity of pancreatic lipases using either TAG [96] or TAG analogues [97]. With respect to gastric lipase, however, the enzyme adsorbed less on each stereoisomeric inhibitor
that on the dicaprin substrate. Furthermore, the various organophosphorus enantiomers displayed differential inhibitory effects. The inhibition was strongly dependent upon the chirality on the sn-2 carbon of the glycerol backbone, while the
chirality on the phosphorus atom had no influence. The RCSP and RCRP, which
both contain the phosphorus moiety at the sn-3 position, were found to be the
best inhibitors. This latter finding correlates well with the sn-3 preference, during
the hydrolysis of TAG catalyzed by gastric lipases [96–98]. Moreover, the levels of
surface density of gastric lipase differed significantly with each enantiomeric inhibitor used. A clear correlation was observed between the molar ratio (a50) of in-
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hibitor leading to half inhibition and the surface concentration of gastric lipase:
the highest enzymatic inhibition was observed with films containing the enantiomeric inhibitor to which the HGL was best adsorbed [92, 99].

9.3.3.2 The 2.46 Å Resolution Structure of the Pancreatic/Procolipase Complex

Inhibited by a C11 Alkylphosphonate
In an attempt to further characterize the active site and catalytic mechanism, a
C11 alkyl phosphonate compound has been synthesized. This compound is an effective inhibitor of pancreatic lipase. The crystal structure of the pancreatic lipasecolipase complex inhibited by this compound was determined at a resolution of
2.46 Å and refined to a final R-factor of 18.3% [39]. As was observed in the case of
the 3-D structure of the ternary pancreatic lipase–colipase–phospholipid complex
[33], the binding of the ligand induces rearrangements of two surface loops in
comparison with the closed structure of the enzyme [32]. The inhibitor, which
could be clearly observed in the active site, was covalently bound to the active serine 152. A racemic mixture of the inhibitor was used in the crystallization, and
there exists evidence that both enantiomers are bound at the active site. The C11
alkyl chain of the first enantiomer fits into a hydrophobic groove and is thought
to thus mimic the interaction between the leaving fatty acid of a TAG substrate
and the protein (Fig. 9.9 A). The alkyl chain of the second enantiomer also has an
extended conformation and interacts with hydrophobic patches on the surface of
the open amphipathic lid (Fig. 9.9 B). This may indicate the location of a second
alkyl chain of a TAG substrate. The alkyl portions of the two C11 alkylphosphonate enantiomers superimpose well with the two fatty acyl chains of the phospholipid (Fig. 9.9 C) observed in the ternary phospholipid/lipase/colipase complex [33].
Some of the detergent molecules, needed for the crystallization, were also observed in the crystal. Some of them were located at the entrance of the active site,
bound to the hydrophobic part of the lid. On the basis of this crystallographic
study, a hypothesis about the binding mode of real substrates and the organization of the active site was proposed [39]. After partly leaving the lipid particle, the
scissile acyl chain (sn-1 or sn-3) of the substrate may bind to the hydrophobic
groove, implying that the substrate adopts a “fork” conformation at the active site.

"
Polar interactions between the active
site residues with the first enantiomer of C11P (CONF1) (Panel A) and with the second enantiomer of C11-P (CONF2) (Panel B). In
panel C, phosphatidylcholine molecule (thin
lines) as refined in the ternary lipase/colipase/mixed micelle complex [30] superimposed on the two enantiomers of the C11-P

Fig. 9.9

inhibitor (thick lines) [39]. Carbon atoms of
the glycerol moiety of the phosphatidylcholine
are marked as sn-1, sn-2 and sn-3. The phosphorus atom and the choline moiety are indicated by arrows. Both C11-P inhibitors (CONF
1 and CONF 2) are shown covalently linked to
the Oc of the active site serine 152 (Panel C).
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9.3.3.3 Crystal Structure of the Open Form of DGL in Complex

with a Phosphonate Inhibitor
The crystal structure of the DGL, produced in transgenic maize, in complex with
an alkyl phosphonate (C11Y4), was recently resolved at 2.7 Å [41]. The 3-D structure was resolved by molecular replacement using as a model the closed HGL
form (the two lipases share 87% amino-acid identity). Like HGL, DGL consists of
one globular domain and belongs to the a/b hydrolase fold family [21]. The polypeptide chain of DGL is visible in the electron density map from the N terminus
to residue 377, which is located two residues before the C terminus. The core domain is located between residues 1–183 and 309–377 and contains a central bsheet composed of eight strands, as observed for HGL (Fig. 9.10 A). Interestingly,
a drastic conformation change affects the residues 212–251 (Fig. 9.10 A). This segment rolls over the enzyme surface and exposes a catalytic crevice measuring
20 ´ 20 ´ 7 Å3 (Fig. 9.10 B). This lid is part of the cap domain and the DGL structure reveals the first open, active form of an acidic lipase. When open, the lid domain interacts with the N-terminal segment which was not visible in the electron
density map of the closed HGL (Fig. 9.10 A). The closed lid observed in the closed
HGL is made out of three short helices. Upon opening, the lid of the DGL undergoes a conformational reorganization and a large movement. The open lid is
formed by two long helices linked together by a disulfide bridge (Cys 227–Cys
236). The free cysteine (Cys 244) at the N-terminal end of one of these two helices
remains at the vicinity of the active site residues, which explains the inhibitory effect of mercurial compounds. The reorganization of the secondary structural elements leads to a 3-D structure that looks more compact and rigid. The opening of
the lid is achieved by a 180 8 rotation of the two helices around the axis of one of
them. The open form of DGL was obtained after inhibition with the C11Y4, in
the presence of b-octylglucoside at 30 mM, final concentration. Strikingly, the catalytic crevice was completely filled by the two chains of the alkyl phosphonates and
one b-octylglucoside molecule. Most of the canyon wall residues are hydrophobic,
the majority being leucines, isoleucines, and valines. The phosphonate inhibitor
molecule, covalently bound to the catalytic serine (Ser 153) covers 287 Å2 of the
canyon water-accessible surface, and 86% of it consists of hydrophobic residues.
An other canyon surface area of 247 Å2 is covered by the detergent molecule with
the same proportion of hydrophobic residues. It is worth noticing that the b-octyl-

3
(A) Stereo ribbon view of DGL
superimposed on HGL. The cores of both
molecules are colored according the secondary structures (helix, red; strand, blue; remainder, yellow). The cap domain of both enzymes
is depicted in magenta. The lid of the closed
HGL is brown, and that of the open DGL is
green. The yellow arrow indicates the direction of the lid motion from a closed to an
open conformation. The missing parts in

Fig. 9.10

HGL (residues 1–9 and 53–56) are identified
in the structure. The nucleophilic active site
residue, Ser 153, is represented by green
sticks. (B) GRASP representation of recombinant DGL ribbon and molecular surface
slabbed at the active crevice level. The active
site crevice is visible laterally (*20 ´ 20 Å)
with the bound C11Y4 phosphonate (red) and
b-octyl glycoside (blue).
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glucoside is stacked against the open lid, with which most of its interactions occur. Consequently, the lid area covered by the b-octylglucoside molecule is 156 Å2,
whereas the latter detergent molecule covers only 73 and 45 Å2 of the cap and the
core domains, respectively. The inhibitor is located opposite the lid and covers
only 32 Å2 of the lid in a single interaction with Leu 243, whereas the inhibitor
covers 103 and 152 Å2 of the cap and the core domains, respectively. The orientation of the two chains of the alkyl phosphonate along with that of the detergent
molecule suggested a binding mode of a TAG in the active site of the DGL
(Fig. 9.10 B).
More recently, Miled et al. [100] have performed a kinetic study with DGL and
HGL using several phosphonate inhibitors by varying the absolute configuration
of the phosphorus atom and the chain length of the alkyl/alkoxy substituents.
Using the 3-D structure of gastric lipases in the apo-form or in complex with the
R-undecyl butyl phosphonate (C11Y4(+)) and that of a new crystal structure obtained with the other (SP)-phosphonate enantiomer, C(11)Y(4)(–), the authors constructed models of phosphonate inhibitors fitting into the active site crevices of
DGL and HGL [100]. All inhibitors with a chain length of fewer than 12 carbon
atoms were found to be completely buried in the catalytic crevice, whereas longer
alkyl/alkoxy chains were found to point out of the cavity. The main stereospecific
determinant explaining the stronger inhibition of the SP enantiomers is the presence of a hydrogen bond involving the catalytic histidine as found in the DGLC(11)Y(4)(–) complex. On the basis of these results, a model of the first tetrahedral intermediate corresponding to the tristearoyl-lipase complex was proposed.
The TAG molecule completely fills the active site crevice of DGL, in contrast with
what is observed with other lipases such as pancreatic lipases which have a shallower and narrower active site. For substrate hydrolysis, the supply of water molecules to the active site might be achieved through a lateral channel identified in
the protein core.

9.4

Inhibition of Digestive Lipases by Orlistat
9.4.1

Introduction

Orlistat (tetrahydrolipstatin, THL), a hydrogenated lipstatin analogue isolated from
Streptomyces toxytricini, is a potent inhibitor of gastro-intestinal lipases [44, 51,
101–103]. It has been suggested that a stoichiometric covalent enzyme–inhibitor
complex of a long-lived acyl-enzyme type is formed by a nucleophilic attack of the
catalytic serine of pancreatic lipase on the b-lactone acyl group of orlistat
(Fig. 9.11) [104, 105]. Several reports on the clinical application of orlistat to the
treatment of human obesity have been published during the last decade (e.g.,
[106–109]). Orlistat has been approved since 1998 in the USA and in Europe as a
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Fig. 9.11 Schematic illustration of the nucleophilic attack of the b-lactone by the active site
serine (152) of HPL (upper panel) and the

resulting covalent adduct between the serine
152 and the b-lactone ring of THL in its
opened conformation (lower panel).

weight loss medication for use in the treatment of obesity, and it is marketed under the trade name Xenical®.
Studies of the partitioning of orlistat between the micellar and oil phases were
performed at our laboratory [52, 110]. Even in the presence of bile salts, orlistat
was found to be mostly associated with the oil phase. This interesting physicochemical property is probably a requirement for prototypic lipase inhibitors to be effective
under physiological conditions, i.e. in the presence of bile and dietary lipids.
Based on in vitro studies, it was reported that bile salts above their critical micellar concentration (CMC) are required for orlistat to be able to effectively inhibit
HPL [29] and lipoprotein lipase [111]. The fact that the inhibited HPL could be reactivated by reducing the bile salt concentration below its CMC suggested that
bile salts (above their CMC) may stabilize the acyl-lipase complex [29].

9.4.2

Inhibition of Digestive Lipases by Pre-incubation with Orlistat (Method A)
9.4.2.1 Inhibition of Gastric Lipases

The incubation in a buffer solution at pH 6.0 of HGL and RGL (Fig. 9.12) in the
presence of orlistat at a molar excess of 100 was performed and the residual lipase activities were measured [51]. In the absence of substrate (Method A), it can
be seen from Fig. 9.12 that orlistat partially inhibits HGL and RGL. After 240 min
of incubation, 50% and 25% of residual HGL and RGL activity were measured, re-
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Fig. 9.12 Variations in HGL (full
symbols) and RGL (open symbols)
activity during incubation with orlistat in the absence (circles) or
presence (triangles) of 4 mM
NaTDC. Lipases (26 lM) were incubated at 37 8C, in a final volume
of 150 lL of 50 mM acetate buffer
(pH 6.0), 150 mM NaCl with orlistat (2.6 mM). Residual lipase activity was measured at pH 6.0,
37 8C by tributyrin (0.2 mL) hydrolysis using 10 mL of 150 mM
NaCl, 2 mM NaTDC, 1.5 lM bovine serum albumin. Each kinetics
represents one experiment.
Adapted from [51].

spectively. The presence of NaTDC (final concentration 4 mM) in the incubation
medium did not affect RGL inhibition, whereas the remaining HGL activity decreased from 50% to 20% when orlistat was used in the absence or presence of
NaTDC, respectively.
The increase of HGL inhibition by orlistat in the presence of bile salt is due to
the fact that orlistat probably formed mixed bile salt/orlistat micelles. As in the
case of lipase substrates, the presence of mixed orlistat bile salt micelles may give
rise to a better “interfacial quality”, thus improving the lipase adsorption and/or
increasing in orlistat accessibility. This finding is reminiscent of the effect of E600
on PPL. In the latter case, Desnuelle et al. [65] showed that emulsified E600 irreversibly inactivates PPL, whereas aqueous solutions of this organo-phosphorous
compound do not. Maylié et al. [63] and Rouard et al. [66] described the covalent
modification of a serine residue of PPL (in the presence of colipase) induced by
mixed E600/bile salt micelles.
9.4.2.2 Inhibition of Pancreatic Lipases

The incubation of HPL with orlistat (at a molar excess of 100) was performed in
the presence and absence of bile salts at 25 8C at pH 8.0. The residual lipase activity was measured with the pH-stat technique on either tributyrin or PSO emulsions at 37 8C [112].
After a few minutes of incubation with orlistat, the HPL initial activity measured on both tributyrin (Fig. 9.13) and PSO (data not shown) emulsions was
drastically reduced. The lipolytic activity gradually increased with time, however,
reaching a steady state regime after a lag period of a few minutes. This reactivation phenomenon is probably due to a partial deacylation, during the lipase assay,
of the covalent HPL–orlistat complex.

9.4 Inhibition of Digestive Lipases by Orlistat

Fig. 9.13 Typical kinetic recordings of the hydrolysis of tributyrin emulsions by HPL, using
the pH-stat technique. HPL was incubated
with orlistat using Method A' (in the presence
of 4 mM NaTDC). At various time intervals,
10 lL of the incubation medium (*2 lg of
HPL) were injected into the pH-stat vessel
after recording the background hydrolysis for
2 min. Kinetic assays were performed in a
thermostated (37 8C) vessel containing 0.5 mL

tributyrin mechanically emulsified in 14.5 mL
of 1 mM Tris-HCl buffer, 150 mM NaCl and
5 mM CaCl2. Colipase was added to the assay
vessel at a five-fold molar excess prior to HPL
injection. The kinetic recordings shown are representative of three independent experiments. The dashed line corresponds to the
asymptote reached under steady state conditions (curve fitting).

The residual HPL activity measured under the steady state conditions decreased
rapidly as a function of the incubation time and reached a plateau at around 40 to
60% of its initial value both when tributyrin and PSO were used as substrate.
These plateau values did not depend very greatly on the presence of 4 mM
NaTDC in either the incubation medium or the assay medium [112].
In the presence of 4 mM NaTDC and colipase in the incubation medium, a rapid and near-complete decrease in the HPL residual activity was observed when
either a tributyrin emulsion (Fig. 9.14 A) or a PSO emulsion (Fig. 9.14 B) were
used as the substrates. In other words, after a 1-min period of incubation with
orlistat, only 50% of the initial activity of HPL was detected using either tributyrin
or PSO emulsions, and this value decreased further to less than 20% after 10 min
of incubation.
In the absence of NaTDC in the incubation medium, orlistat partially inhibits
HPL and a plateau (around 60%) in the residual activity was rapidly reached
when using tributyrin as substrate, both in the absence and the presence of 4 mM
NaTDC in the assay medium (Fig. 9.14 A). However, a different pattern was observed when PSO emulsion was used as the substrate (Fig. 9.14 B). In the absence
of NaTDC in both the incubation medium and the assay medium, HPL was
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Fig. 9.14 Initial residual activity of HPL acting on a tributyrin emulsion (A) or a PSO
emulsion (B), as a function of the incubation
time with orlistat, measured using the pHstat technique. The experiments were carried
out in the absence (circles) or presence (triangles) of 4 mM NaTDC in the incubation
medium. The full symbols (k, s) illustrate the

experiments performed in the presence of
4 mM NaTDC in the assay and the open symbols (l, D), in its absence. The other experimental conditions used are the same as
those described in Fig. 9.13. The residual activity values are means ± SD (n ³ 3 for each experiment). From [112].

9.4 Inhibition of Digestive Lipases by Orlistat

found to be strongly inhibited by orlistat although the inhibition rate was slower
than that observed in the presence of bile salts in the incubation medium. The absence of NaTDC in the incubation medium and its presence in the lipase assay
medium resulted in a moderate inhibition of HPL by orlistat.
This dependence of HPL inhibition by orlistat in the presence of bile salts in
the incubation medium might be attributable to a better ‘interfacial quality’ of orlistat by the formation of mixed micelles with bile salts, which may improve the lipase adsorption onto these mixed micelles and/or interaction with orlistat.
The increase in the inhibitory efficacy of orlistat induced by bile salts over their
CMC was previously reported in the case of pancreatic lipases (in humans [29],
dog and guinea pig [52]) as well with HGL [51] and lipoprotein lipase [111].
Furthermore, upon studying the transfer of radiolabeled orlistat from an oil drop
to the aqueous phase, we noted that the transfer rate increased in the presence of
bile salts above their CMC [110], reflecting the solubilization of orlistat in the
aqueous phase via the formation of mixed micelles with bile salts.
The mass spectra, under denaturing conditions, of a sample of the orlistat–HPL
incubation mixtures were recorded at various incubation times ranging from
5 min to 24 h. As can be seen from Fig. 9.15, an increase of around 500 Da was
observed in the molecular mass of pure HPL (Fig. 9.14, spectra I) when incubated
with orlistat (Fig. 9.14, spectra II). This mass increase reflects the covalent binding

Fig. 9.15 MALDI-TOF mass spectra of HPL (I) or HPL incubated 1 h with orlistat (II) at a
HPL : orlistat molar ratio of 1 : 100. Adapted from [112].
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of orlistat (molecular mass, 496 Da) to HPL, as previously reported by Lüthi-Peng
et al. [105].

9.4.2.3 Kinetic Model Illustrating the Covalent Inhibition of HPL

in the Aqueous Phase
On the basis of the above mentioned kinetic and mass spectrometry analysis, a
model was proposed for the covalent inhibition of HPL by orlistat in the aqueous
phase as well as its partial reactivation at the lipid–water interface (Fig. 9.16). This
model takes into account the putative existence of two different forms of the covalent orlistat/lipase complex.

Fig. 9.16 Kinetic model illustrating the inhibition of HPL by orlistat in the aqueous phase
and its reactivation at a lipid–water interface.
The following symbols and abbreviations are
used here: E, free enzyme (molecule/volume);
E*, interfacial enzyme (molecule/surface); FA,
fatty acid at the interface (molecule/surface);
E*-FA, interfacial enzyme–fatty acid complex
(molecule/surface); THLc, closed reactive orlistat in the bulk (molecule/volume); THLo,
open non-reactive orlistat at the interface
(molecule/surface); E-THLo1, form 1 of cova-

lent enzyme-orlistat complex in the bulk
(molecule/volume); E-THLo2, form 2 of covalent enzyme–orlistat complex in the bulk
(molecule/volume); E*-THLo1, interfacial
form 1 of covalent enzyme–orlistat complex
(molecule/surface); E*-THLo2, interfacial
form 2 of covalent enzyme–orlistat complex
(molecule/surface). TAG, triacylglycerol at the
interface (molecule/surface); DAG, diacylglycerol at the interface (molecule/surface).
From [112].
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One can hypothesize that the covalent binding of orlistat to HPL occurs in two
possible ways. One fraction of the lipase molecules may form a covalent complex
in the aqueous phase with the open b-lactone ring of orlistat in a given form (ETHLo1), whereas the other fraction of the lipase molecules may also form a covalent complex with orlistat, but in another form (E-THLo2). The hypothesis that a
fraction of the inhibited lipase molecules could form a non-covalent complex with
orlistat in its closed form (E-THLc) can be ruled out, since the mass spectra analysis (Fig. 9.15) showed the presence of only the HPL–orlistat covalent complex.
In the lipase assay system, when the (E, THLc, E-THLo1 and E-THLo2) mixture
was added to a TAG emulsion, the ‘weaker’ complex (E-THLo1) was hydrolyzed,
explaining the reactivation process as revealed by the existence of lag times. The
hydrolysis of this ‘weak’ complex was enhanced when bile salts were present in
the assay medium, probably due to the formation of a mixed orlistat/lipase/bile
salt complex. The fact that the reactivation of HPL did not reach 100% of its initial value (before incubation with THL) at the end of the kinetic experiments
(Fig. 9.13) might be attributable to the existence of a second fraction of lipase molecules, which is covalently and irreversibly inhibited by orlistat (E-THLo2). The coexistence of two different forms of orlistat covalently bound to HPL may be due
to the inhibitor molecule being differently oriented in the catalytic cavity of the lipase molecule. The existence in the catalytic cleft of lipases of two different orientations in the case of molecules of substrate analogues was previously reported
[113, 114].

9.4.3

Inhibition of Digestive Lipases During Lipolysis (Method B)

The hydrolysis of tributyrin by HGL and RGL was recorded at pH 6.0 and at
pH 8.0 with PPL. Two minutes after enzyme addition, orlistat was injected at variable final concentrations. As can be seen from the kinetic curves in Fig. 9.17, the
rate of tributyrin hydrolysis by PPL (Fig. 9.17 A), RGL (Fig. 9.17 B) and HGL
(Fig. 9.17 C) decreased to various extents. This decrease was more rapid at higher
orlistat concentrations. With all lipases tested, more than 90% of the enzyme inhibition occurred at a final orlistat concentration of 200 lM [51].
9.4.4

Inhibition of Digestive Lipases on Oil Emulsions “Poisoned” with Orlistat (Method C)

The rate of tributyrin hydrolysis by HGL, RGL or PPL was determined as a function of the orlistat concentration (Fig. 9.18 A) [51]. Orlistat was injected into a tributyrin emulsion 1 min prior to the enzyme addition and the initial lipase hydrolysis rate was measured. As shown from the curve in Fig. 9.18 A, the rate of tributyrin hydrolysis by HGL, RGL or PPL decreased similarly with increasing the final
orlistat concentration. The inhibitor concentration which reduced the lipase activity to 50% (I50) of its initial value was around 10 lM.
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Fig. 9.17 Effect of variable orlistat concentrations on the rate of hydrolysis of tributyrin by:
(A) PPL (5 nM) + colipase (100 nM); (B) RGL
(24 nM); (C) HGL (24 nM). Assays were carried out at 37 8C, pH 8.0 with PPL and pH 6.0

with HGL and RGL using 0.2 mL tributyrin
emulsified in 10 mL of 150 mM NaCl, 2 mM
NaTDC, 1.5 lM bovine serum albumin. Each
kinetics represents one typical experiment.
From [51].

9.4 Inhibition of Digestive Lipases by Orlistat

Fig. 9.18 (A) Effect of increasing concentrations of orlistat on the rate of hydrolysis of
tributyrin by PPL (5 nM) in the presence of
colipase (100 nM) (l), or RGL (24 nM) (~)
or HGL (24 nM) (^). Experiments were performed at 37 8C (pH 8.0), with PPL and
pH 6.0 with HGL and RGL using 0.2 mL tributyrin emulsified in 10 mL of 150 mM NaCl,
2 mM NaTDC, 1.5 lM bovine serum albumin.
Orlistat, from a 20 mM ethanolic solution,
was injected 1 min prior to the enzyme addition. Initial velocity measurements are given.
Each point represents an independent assay.

From [51]. (B) Effects of increasing orlistat
concentration on HPL residual activity as
measured, using the pH-stat technique, on tributyrin (^) or PSO (~) according to method C. Kinetic assays were performed in a thermostated (37 8C) vessel containing 0.5 mL
TAG substrate mechanically emulsified in
14.5 mL of 1 mM Tris-HCl buffer (pH 8.0),
150 mM NaCl and 5 mM CaCl2. The final lipase concentration was 2 nM. Colipase was
added to the assay vessel at a five-fold molar
excess prior to HPL injection.
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The inhibition effects of orlistat on HPL activity were studied in the absence or
in the presence of NaTDC, using tributyrin or PSO as substrate (Tiss et al., manuscript in preparation). In the absence of bile salts, as shown in Fig. 9.18 B, the
rate of tributyrin hydrolysis by HPL decreased rapidly according to a similar pattern, with increasing orlistat concentration and the I50 value was found to be
around 2.2 lM. When using PSO as substrate, orlistat was found to be more efficient in inhibiting HPL activity (I50 = 0.4 lM).
For both substrates used (tributyrin and PSO), the presence of bile salts (4 mM
NaTDC, final concentration) improved the orlistat inhibition of HPL (data not
shown) in agreement with the results found when using method A' and showing
an enhancement of the orlistat effect in the presence of NaTDC [112].

9.4.5

Inhibition of Digestive Lipases on Oil Substrate “Poisoned” with Orlistat (Method D)
9.4.5.1 Inhibition of Pancreatic Lipase on Emulsion “Pre-poisoned” with Orlistat

Variable amounts of orlistat were dissolved directly in pure tributyrin or PSO. As
shown in Fig. 9.19, the rate of hydrolysis by HPL, in the absence of bile salts, was
determined as a function of orlistat concentration.
The hydrolysis rate of tributyrin or PSO by HPL decreased sharply with increasing orlistat concentration. The I50 values were found to be around 2.8 lM when
using tributyrin and 0.2 lM when using PSO as substrate, respectively (Tiss et al.
in preparation). It is worth noticing that using either method C (Fig. 9.18 B) or
method D (Fig. 9.19) comparable IC50 values were obtained when using both tributyrin or PSO as substrates.

Fig. 9.19 Effects of increasing orlistat
concentration on HPL residual activity as measured, using the pH-stat
technique, on tributyrin (^) or PSO
(!) according to method D. Kinetic
assays were performed in a thermostated (37 8C) vessel containing 0.5
mL TAG substrate mechanically emulsified in 14.5 mL of 1 mM Tris-HCl
buffer (pH 8.0), 150 mM NaCl and
5 mM CaCl2. The final lipase concentration was 2 nM. Colipase was
added to the assay vessel at a fivefold molar excess prior to HPL injection.

9.4 Inhibition of Digestive Lipases by Orlistat

9.4.5.2 Inhibition of Gastric and Pancreatic Lipases

on Mixed Films Containing Orlistat
As indicated in Fig. 9.20, lipase activities were measured as a function of the orlistat surface molar fraction. With all lipases tested, the hydrolysis of dicaprin decreased sharply as the surface molar fraction of orlistat increased. The surface molar fractions of orlistat, which reduces lipase activity to 50% (a50), are 0.013%,
0.025% and 0.25% with PPL, RGL and HGL, respectively (Fig. 9.20 A) and
0.00025% with HPL (Fig. 9.20 B). On the one hand, it should be remembered that
the turnover rates of gastric and pancreatic lipases are quite different [115]. Consequently, the amounts of each lipase injected into the reaction compartment of the
zero-order trough were different (see legend of Fig. 9.20), leading to various orlistat/lipase molar ratios. On the other hand, we know that monolayer systems are
characterized by a low specific surface (around 1 cm2/cm3). As a consequence,
only a small fraction of the injected enzyme is bound to the monomolecular film.
In the particular case of PPL and HGL, using pure dicaprin films, it was found
that around 1.5% of the total amount of injected enzyme was recovered after film
aspiration [115, 116]. As judged by this percentage of lipid-bound enzyme, the effective surface molar excesses of orlistat to film-bound lipase, inducing a 50% reduction in catalytic activity, were estimated as 10- to 20-fold with PPL, RGL and
HGL. The stoichiometry at the interface can be described as follows: one lipase
molecule embedded within 105 substrate molecules will be inactivated to half its
initial rate by the presence of 10 orlistat molecules.
With HPL, the kinetic studies were carried out at 12 mN m–1, using mixed
films of orlistat/dicaprin, orlistat/diolein and orlistat/PSO. At this surface pressure, which was below the collapse pressure of all the components (35, 29, 25 and
13 mN m–1 for diC10, diolein, orlistat and PSO, respectively), all the above films
were stable with time, i.e., no significant decrease in the surface pressure was observed within 20 min. Under these conditions, the a50 values, leading to half inhibition of HPL activity on dicaprin, diolein and PSO were found to be 0.0002%
(see Fig. 9.20 A), 0.45% and 0.2% (data not shown).
With all the substrates used, HPL was thus found to be highly inhibited by
orlistat as compared to other lipases. Indeed, one molecule of orlistat, embedded
within 500 000 dicaprin molecules at the interface, was found to be sufficient
to inhibit HPL to half its initial activity. When one molecule of orlistat within
15 000 molecules of dicaprin is present at the interface, HPL activity was totally
abolished. When using PSO as substrate, an interfacial stoichiometry of one orlistat molecule to 500 PSO molecules was needed to achieve 50% of HPL inhibition.

9.4.5.3 Inhibition of Pancreatic Lipase on Oil Drop “Pre-poisoned” with Orlistat

Tiss et al. [117] studied the partitioning of orlistat between the core and the surface of an oil drop, as a function of the orlistat concentration in the oil. The molar fraction of orlistat at the oil drop surface was estimated using the Gibbs surface excess equation. With these data it becomes possible to express orlistat con-
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Fig. 9.20 Effect of increasing surface concentration of orlistat on the rate of hydrolysis of
dicaprin monolayers at a constant surface
pressure (A) by HGL (final concentration
2 nM) (^), RGL (final concentration 0.4 nM)
(~), PPL (final concentration 0.2 nM) (l),
and (B) by HPL (final concentration 0.16 nM).

The subphase was 50 mM glycine-HCl
(pH 4.0), 100 mM NaCl and 10 mM CaCl2 in
the HGL and RGL assays, and 10 mM TrisHCl (pH 8.0), 100 mM NaCl, 21 mM CaCl2
and 1 mM EDTA in the PPL and HPL assays.
From [44].

9.5 References

centrations as surface concentrations (or molar fraction) instead of volumic concentrations.
HPL residual activity on “poisoned” drops of PSO was measured as a function
of the orlistat molar fraction at the surface of the oil drop. The a50 value was
found to be around 3% (Tiss et al., manuscript in preparation).
The efficacy of orlistat in inhibiting HPL acting on PSO was found to be higher
when using the monomolecular film technique as compared to the single oil drop
technique.
It is seems clear that further chemical, biochemical and physiological studies of
lipase inhibitors will improve our knowledge of this important and interesting
family of carboxylester hydrolases. Orlistat was the first lipase inhibitor to be
launched on the market. It is to be expected that other molecules will be developed as beneficial drugs for human health.
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10.1

Introduction

Digestion of dietary lipids is a complex process which includes mechanical, physicochemical as well as biochemical steps. Human gastric (HGL) and pancreatic
(HPL) lipases are the enzymes responsible for the actual processing of triglycerides in the gastrointestinal (GI) tract. They allow the intestinal absorption of fat
by converting triglycerides into free fatty acids (FFA) and 2-monoglycerides (MG).
These enzymes need an emulsification of their substrate for optimal activity. The
emulsification of triglycerides starts in the stomach and is mediated by physical
forces through peristalsis and amphiphilic molecules such as lipolysis products,
dietary proteins and phospholipids. Preduodenal lipolysis has thus a qualitative
importance, but for decades the gastric phase of lipolysis in humans was assumed
to be negligible in comparison with the intestinal one. The importance of preduodenal lipase became clear when it was observed that patients in the late stage of
pancreatitis or cystic fibrosis (i.e. with no pancreatic lipase secretion) still absorb a
large amount of dietary lipids (Lapey et al., 1974). Later on, it has been shown
that pancreatic lipase alone does not readily hydrolyse triglyceride droplets covered
by phospholipids such as Intralipid (emulsion of soybean TG stabilized by egg
yolk lecithins) or native milk fat globules. After pre-incubating these substrates
with gastric lipase, the released FFA were found to trigger the action of pancreatic
lipase (Bernbäck et al., 1989; Gargouri et al., 1986 a). The existence of a gastric lipase in humans was also questioned for many years before its cellular and tissular origins were clearly demonstrated (Moreau et al., 1988 b, 1989). Preduodenal lipases have been screened in various species from the tongue to the pylorus (Moreau et al., 1988 a). In each species tested, the preduodenal lipase activity was associated mainly with a single tissue, which was located either in the lingual (rat and
mouse), pharyngeal (calf, lamb and sheep) or gastric area (humans, cat, rabbit,
dog, monkey, horse, hog, guinea-pig). As we will discuss in this chapter, the contribution of HGL to gastrointestinal lipolysis is by now well documented. Quantitatively, HPL remains the major lipase involved in the lipolysis of dietary fat. HPL
and its specific protein cofactor, colipase, act in the small intestine in the presence of bile. Contrary to what is often stated, bile salts do not constitute good
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emulsifiers of triglycerides, but they adsorb at the triglyceride–water interface because they are amphiphilic molecules. An essential role of bile salts is, therefore,
not the fine emulsification of TG but the solubilization of lipolysis products. As
opposed to TG and DG, FFA and MG interact with bile salts and phospholipids to
form mixed micelles. This micellar solubilization allows to drive lipolysis products
from TG droplets to the intestinal brush border where they are absorbed by enterocytes. During the last fifty years, HPL has been extensively studied in its biochemical, structural and physiological properties (Carrière et al., 1998; Lowe, 2002;
Verger, 1984). Surprisingly, some basic data such as the amounts of HPL produced during a meal or its specific activity on meal triglycerides were only obtained in recent years, together with the characterization of HGL. These data were
mainly generated during clinical studies performed with the aim of establishing
the contribution of HGL (Carrière et al., 1993 a, 2000) or the mechanism of action
of the lipase inhibitor orlistat (Carrière et al., 2001). Here, we show basic data on
gastrointestinal lipolysis (lipase concentrations and outputs, lipolysis levels, specific activities, etc.) to provide a real quantitative approach of lipolysis under physiological conditions. The molecular aspects of HGL and HPL have already been reviewed (Miled et al., 2000) and will not be described in detail here. Also the putative physiological role of bile salt-stimulated “lipase” (or carboxyl ester lipase) will
not be discussed here because this enzyme does not display a significant activity
on meal triglycerides as compared to HGL and HPL (Carrière et al., 1997, 2000),
and its contribution to the lipolysis of other glycerides such as monoglycerides
seems physiologically relevant only during the lactation period in humans (Bernbäck et al., 1990). Generally speaking, the physiological role of this enzyme is far
from being clearly understood, even in the lipolysis of cholesterol esters (Howles
et al., 1996).

10.2

Tissular and Cellular Origins of HGL and HPL

Native HGL is a highly glycosylated 50 kDa protein which is only produced in the
fundic mucosa of human stomach (Moreau et al., 1988 b). HGL is colocalized
with the pepsinogen in chief cells of fundic glands (Fig. 10.1). Pentagastrin stimulates the secretions of HGL, pepsinogen and gastric acid (Moreau et al., 1988 c,
1990; Szafran et al., 1978) and this secretagogue is commonly used to collect gastric juice for HGL purification (Ville et al., 2002). Other effective signals for the
start of gastric lipase secretion are stomach motility, cholinergic stimuli (Carrière
et al., 1992) or test meals (Carrière et al., 1993 a). Neither the hormone cholecystokinin (CCK-PZ) nor secretin have an effect on HGL secretion (Moreau et al.,
1988 c). The lack of effect of CCK-PZ has also been observed in clinical experiments performed with the lipase inhibitor orlistat (Carrière et al., 2001). By inhibiting digestive lipases, orlistat reduces the production of FFA and indirectly the release of CCK-PZ. As a consequence, the CCK-PZ-dependent secretion of pancrea-
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Fig. 10.1 Immunocytolocalization of HGL in
chief cells of fundic glands. Chief cells containing HGL were stained by rabbit polyclonal
anti-HGL antibodies coupled to rhodamin,

and parietal cells producing gastric HCl were
stained by a monoclonal antibody specific of
the proton pump and coupled to fluorescein.

tic juice and pancreatic lipase output are reduced (Hildebrand et al., 1998). Such
an effect is not observed with HGL, the output of which remains unchanged in
test meal experiments performed with orlistat (Carrière et al., 2001). No case of
HGL deficiency has been reported to date.
Native HPL is a glycosylated 50 kDa protein which is synthesized by acinar cells
of the pancreas (Fig. 10.2). In the cell, this lipase is located with many other enzymes into the zymogen granules, and is then secreted through the pancreatic
duct into the intestinal lumen together with the bile. Secretion of HPL can be
stimulated by intestinal hormones such as CCK-PZ and secretin (Zieve et al.,
1966 a, b). Lipolysis products (FFAs) are known to stimulate the HPL secretion indirectly through the CCK action (Hildebrand et al., 1998). HPL secretion is drasti-

197

198

10 Physiology of Gastrointestinal Lipolysis and Therapeutical Use

Fig. 10.2 Immunocytolocalization of HPL in
the zymogen granules of pancreatic acinar
cells. Zymogen granules are specifically

stained by rabbit polyclonal anti-HPL antibodies coupled to gold particles and are observed
by electron microscopy.

cally reduced in pathological cases of chronic pancreatic insufficiency or cystic fibrosis due to the destruction of acinar cells or an impaired secretion. The human
pancreas also produces two pancreatic lipase-related proteins (PLRP1 and PLRP2)
which are encoded by distinct genes and share around 70% amino acid identities
with classical HPL (Giller et al., 1992). PLRP1 and PLRP2 differ from HPL by
their biochemical properties and their physiological roles remain either unknown
for PLRP1 (De Caro et al., 1998; Roussel et al., 1998 a) or unclear for PLRP2 due
to its broader substrate specificity and its various tissular locations (Lowe, 2000;
Thirstrup et al., 1994).

10.3 Hydrolysis of Acylglycerols by HGL and HPL

10.3

Hydrolysis of Acylglycerols by HGL and HPL
10.3.1

Substrate Specificity

Both HGL and HPL display a high substrate selectivity towards triacylglycerols
and do not hydrolyze phospholipids. They differ, however, in their specificity:
HGL can hydrolyze the three ester bonds of acylglycerols whereas HPL is a regioselective lipase hydrolyzing only the ester bonds at the sn-1 or sn-3 position of glycerol (Carrière et al., 1991). When using a prochiral triglyceride substrate such as
triolein, HPL does not show a high stereospecificity whereas HGL preferentially
hydrolyzes the ester bond at the sn-3 position of triglycerides, generating a large
enantiomeric excess of 1,2-diglycerides (Rogalska et al., 1990). From this property
results the apparent HGL specificity for short acyl chains, because these acyl
chains are found at the sn-3 position in milk triglycerides. In fact, HGL like HPL
can hydrolyze triglycerides with various chain length (Gargouri et al., 1986 b). In
the subsequent conversion of diglycerides into monoglycerides, gastric lipase
shows a reverse stereospecificity with a preference for the hydrolysis of the ester
bond at the sn-1 position of 1,2-diolein versus the sn-3 position of 2,3-diolein (Carrière et al., 1997). Pancreatic lipase does not show a high stereospecificity in this
second reaction. Globally, digestive lipase are tailored to produce 2-monoglycerides
which are the glycerides absorbed at the intestinal level.
In both HGL and HPL, the catalytic machinery consists of a triad (Ser, His,
Asp) and an oxyanion hole as observed in serine proteases (Blow, 1991; Roussel et
al., 1999; Winkler et al., 1990). Substrate specificity is mainly due to acyl chain
binding sites and to a “cap” or a “lid” controlling the access to the active site, as
well as to the ability of digestive lipases to adsorb at an oil–water interface. This
later property distinguishes lipases from classical enzymes. HGL and HPL are soluble enzymes which act on an insoluble substrate and therefore carry out an interfacial catalysis. Such a catalytic process can be described by two minimal steps:
a step of lipase adsorption at the oil–water interface, followed by the catalytic step.
Substrate specificity of interfacial enzymes can result from these two steps. From
the crystal structures of HPL and dog gastric lipase obtained in the presence of
substrate analogs and amphiphiles, it is expected that digestive lipases become
fully active once they bind an oil–water interface together with an opening of the
lid (Roussel et al., 2002; van Tilbeurgh et al., 1993). This behaviour might explain
why both HGL and HPL are produced and secreted as potentially active enzymes
in contrast to most other digestive enzymes which are secreted as proenzymes
(pepsinogen, chymotrypsinogen, pro-phospholipase A2, etc.) and further activated
in the GI tract by proteolytic cleavage.

199

200

10 Physiology of Gastrointestinal Lipolysis and Therapeutical Use

10.3.2

Specific Activities of HGL and HPL

In the standard in vitro assays of lipase activity using pure triglycerides and optimized conditions, HGL often appeared to be less active than HPL (Tab. 10.1). But
assay conditions for measuring maximum activities were quite different and a
strict comparison between the two lipases was only obtained using the triglycerides present in a test meal as substrate (Tab. 10.1). Gastric and pancreatic lipases
can hydrolyze dietary triglycerides at similar rates but their specific activities on
test meal triglycerides are much lower than those recorded in vitro under optimized conditions using olive oil–gum arabic emulsion (the standard assay of the
European Pharmacopeia), IntralipideTM (soybean oil emulsified by lecithin) or a
synthetic short-chain TG, tributyrin (Tab. 10.1). However, these activities are consistent with the activities estimated from in vivo experiments in humans (Carrière
et al., 2000). Also, these activities are high enough for dietary triglycerides to be
completely hydrolyzed during the digestion of a meal, taking into account the
amounts of lipases produced during a meal in humans (Carrière et al., 2000).
Why is lipase activity on test meal triglycerides the best reference for comparing
digestive lipases, their respective contribution to gastrointestinal lipolysis and
their potential benefit? The standard assay of the European Pharmacopea for measuring lipase activity uses an emulsion of olive oil–gum arabic as substrate. According to this assay, one lipase unit (= 1 European Pharmacopae Unit = 1 FIP
unit) is defined as 1 micromole of free fatty acid released per minute. The lipolytic activity of a commercial pancreatic extract such Creon® (Solvay Pharmaceuti-

Tab. 10.1 Maximum specific activities of HGL, DGL, HPL and pancreatic extracts (Creon®) on

various triglycerides. Specific activities are expressed in international units (1 U = 1l mol of free
fatty acid released per minute) per mg of pure enzyme, except for Creon® for which specific
activities are expressed in U per mg of pancreatic extract (PE). One Creon 25000® capsule contains 500 mg pancreatic extract and 25000 lipase units measured using olive oil-gum arabic as
substrate. This lipolytic activity corresponds to around 8–9 mg of active pancreatic lipase in one
capsule of Creon 25000®.
Lipase source

Substrates
Olive oil –
Gum arabic

Intralipid

Tributyrin

Test meal
triglycerides

0

HGL

3000 U/mg
(pH 7.5–8.0)
0

DGL

0

12–15 U/mg
(pH 6.25)
30 U/mg
(pH 5.5)
n.d.

Creon 25000®

50 U/mg PE
(pH 8.0)

8000–12000 U/mg
(pH 7.5–8.0)
1000 U/mg
(pH 6)
500–600 U/mg
(pH 5.5)
150 U/mg PE
(pH 8.0)

HPL

600 U/mg
(pH 5.4)
1000 U/mg
(pH 4)
n.d.

0.5 U/mg PE
(pH 6.0)

10.3 Hydrolysis of Acylglycerols by HGL and HPL

cals) is defined according to this assay, and for instance, a Creon 25000® capsule
contains 25000 Eur. Pharm. U. Gastric lipase cannot be compared with pancreatic
extracts on this basis because it simply does not hydrolyze olive oil emulsified by
gum arabic. Therefore, according to the European Pharmacopeia, gastric lipase
would not be classified as a lipase. Gastric lipase is, however, a true lipase since it

Fig. 10.3 Variations with pH of the specific
activities of HGL and HPL. A: Activity of pure
HGL on 30% IntralipideTM as substrate.
Adapted from Gargouri et al. (1986) with per-

mission. B: Activity of pure HPL (+ colipase)
on olive oil emulsified with gum arabic, in the
presence or absence of 4 mM sodium taurodeoxycholate (NaTDC).
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hydrolyzes the long-chain triglycerides from an IntralipideTM emulsion (soybean
oil) (Carrière et al., 1991; Gargouri et al., 1986 b). Conversely, pancreatic lipase is
not directly active on IntralipideTM (Gargouri et al., 1986 a) or on milk triglycerides (Bernbäck et al., 1989). These lipid emulsions do not represent however the
real physicochemical state of triglycerides in a meal or in the GI tract. Using a
real meal as substrate allows to measure the lipolytic activities of both HGL and
HPL under similar experimental conditions simulating the in vivo conditions
(Carrière et al., 2000).

10.3.3

Lipase Activity as a Function of pH

Gastric lipase displays its maximum lipolytic activity at acidic pH values (3 to 6,
see Fig. 10.3) whereas pancreatic lipase is not significantly active below pH 5.0
and displays its maximum activity at pH 7.0–7.5 (Fig. 10.3). In the presence of
bile salts, the maximum activity of HPL is shifted towards lower pH values. HGL
and HPL are thus well adapted to the pH conditions recorded in vivo, both in the
stomach and in the small intestine (Fig. 10.6).

10.3.4

Effects of Bile Salts on the Activity of HGL and HPL

Bile salts are amphiphilic molecules produced by the liver and delivered into the
duodenum together with other bile lipids (phospholipids and cholesterol) and proteins forming a bile–lipoprotein complex (Hauton, 1986). Before reaching the duodenum, bile and pancreatic secretions are mixed in the Water ampoula. In the GI
tract, bile salts are either found in mixed micelles or adsorbed at the lipid–water
interface. Bile salts are competing with other amphiphilic molecules for adsorption at lipid–water interfaces. Since they are highly tensio-active, they can displace
most of the proteins or other amphiphilic molecules present at the lipid–water interface in the GI tract. It is often stated that they are “cleaning” the interface.
From in vitro experiments, it has been shown that HPL alone is desorbed from
the lipid–water interface by bile salts and TG hydrolysis is therefore inhibited
(Bezzine et al., 1999). HPL needs the presence of a 10 kDa protein also produced
by the pancreas, colipase. This specific pancreatic lipase-anchoring protein makes
a 1 : 1 complex with HPL (van Tilbeurgh et al., 1992) and counteracts the effect of
bile salts by permitting an interfacial binding of HPL and therefore TG hydrolysis
(Bezzine et al., 1999). Contrary to HPL, and contrary to what is often mentioned
in the recent literature (Layer et al., 2001; Suzuki et al., 1997), HGL is not inhibited by bile salts (Carrière et al., 1993 a; Gargouri et al., 1986 b). Bile salts are even
required to stabilize HGL during in vitro lipase assays. In the absence of amphiphiles, HGL is irreversibly inactivated at the oil–water interface because of a high
surface tension. Bile salts decrease the surface tension and preserve HGL from in-
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activation (Fig. 10.4). Maximum activity is reached at bile salts concentrations
above the critical micellar concentration (CMC, 1–2 mM). With HPL, a similar stabilizing effect of bile salts is observed in vitro at low concentrations. Using sodium taurodeoxycholate (NaTDC), a maximum activity is observed at 0.5 mM
NaTDC, but HPL activity decreases rapidly above the CMC due to HPL desorption

Fig. 10.4 Effects of bile salts on the lipase activities of HGL and HPL. A: Variation with
NaTDC concentration in the specific activity
of HGL using tributyrin as substrate. Adapted
with permission from Gargouri et al. (1986)

B: Variation with NaTDC concentration in the
specific activity of HPL using tributyrin as
substrate, in the presence or absence of colipase. Adapted with permission from Thirstrup
et al. (1993).
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from the oil–water interface (Fig. 10.4). These data indicate that HGL is a more
tensio-active protein than HPL. This high tensioactivity is one of the striking properties of HGL because most lipases are inhibited by bile salts.
All main bile salts (glyco- and taurocholate, deoxycholate and chenodeoxycholate) have the same effects on HGL activity which increases up to a bile salt concentration of around 3 mM for a single species and 4 mM for a mixture of bile
salts. However, it is worth noting that synthetic detergents (Triton X-100, Tween,
benzalkonium chloride) that dramatically decrease surface tension (< 8 mN/m), actually inhibit HGL.

10.4

Gastrointestinal Lipolysis of Test Meals in Healthy Human Volunteers

The relative contributions of HGL and HPL to the in vivo lipolysis of dietary triglycerides were established a few years ago (Carrière et al., 1993 a). Healthy subjects
were intubated with gastric and duodenal tubes as shown in Fig. 10.5, and this experimental device allowed us to measure separately HGL and HPL outputs (lipase
units and mass of enzyme) and to monitor the amounts of lipolytic products at
various stages of the GI tract. In previous studies, pancreatic lipase outputs were
never expressed in term of mass of enzyme but only in terms of enzymatic units
(Brunner et al., 1974; DiMagno et al., 1973; Johansson et al., 1972). Because the lipase assays and the definition of one lipase unit varied from one study to another,
it was impossible to estimate the real HPL output during a meal or following a
stimulation of pancreatic secretion by various secretagogues. The secretion of
HGL during a meal was unknown before 1993 and the contribution of preduodenal lipase activity to the lipase activity measured in the GI tract was neglected, except in some studies (Abrams et al., 1987). Because the interference of HPL could
not be ruled out during the measurement of HGL activity using standard assays
(Gargouri et al., 1986 b), especially in duodenal samples, a discriminative assay
was developed in our laboratory to specifically measure HGL activity in the presence of HPL. Using tributyrin as substrate, at pH 4.5 and in the presence of a
high sodium chloride concentration (0.6 M), HGL still displays a high specific activity of 1300 U/mg (1 U = 1 lmol of free fatty acid released per minute), whereas
HPL is inactive under these conditions (Carrière et al., 1993 a). Conversely, HPL
activity can be assayed at pH 8.0, a pH value at which HGL is not active. The
most sensitive pH-stat assay for measuring pancreatic lipase activity is performed
with tributyrin as substrate in the presence of 4 mM NaTDC and colipase (Erlanson and Borgström, 1970). Under these conditions, HPL displays a high specific
activity of 8000 U/mg. The interference by carboxyl ester lipase is not significant
because this enzyme displays a much lower specific activity than HPL under
these conditions (less than 1% activity). Based on the known specific activities of
HGL and HPL, the mass concentrations of active lipase (lg or mg/mL) can be deduced from the lipase activities (U/mL) measured in gastric and duodenal sam-
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Fig. 10.5 Experimental device for collecting samples in vivo during the digestion of a test meal.

ples. The respective mass concentrations of HGL and HPL can also be measured
by ELISA using monoclonal antibodies (De Caro et al., 1999). The comparison of
mass concentrations obtained by ELISA and those deduced from the enzymatic
assays allowed to study the stability of each lipase activity, as well as the effects of
lipase inhibitors (see section 10.7). ELISA measurements of HPL mass concentrations in duodenal samples were similar with the mass concentrations deduced
from activity measurements. These results not only demonstrated the high stability of HPL in duodenal contents during a meal, but they also confirmed the high
specificity for HPL of the tributyrin assay at pH 8.0, in the presence of carboxyl
ester lipase (Carrière et al., 2001).

10.4.1

Test Meals

Different complete test meals containing proteins, carbohydrates and lipids have
been tested for measuring digestive lipase secretions and lipolysis levels in the GI
tract. Shak Iso® (initially from Sopharga Laboratories, later from Nestlé Clinical
Nutrition, France) was used as a complete liquid test meal. A standard 375 mL
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bottle contains 14 g protein (casein, lactoserum proteins, skimmed dry milk, egg
yolk powder), 52 g carbohydrate (maltodextrin, saccharose) and 12.5 g lipid. These
lipids are mainly triglycerides (11.2 g) from butter oil (62.5%), corn oil (26.9%)
and soybean oil (10.6%). The overall TG concentration in the liquid meal was
30 mM. For the gastrointestinal lipolysis experiments in healthy volunteers, one
meal consisted of 500 mL Shak Iso® and the total amounts of ingested triglycerides were 15 g (18 mmoles TG) (Carrière et al., 2001). This test meal, like other
liquid test meals used in previous clinical studies, is easier to work with than a
“true meal” because it can be rapidly delivered in the stomach through a gastric
tube and quantitatively recovered by aspiration from the upper part of the small
intestine. It is, however, a pre-emulsified meal which contains large amounts of
lecithin to stabilize the fine droplets of triglycerides. Moreover, all the meal components are emptied from the stomach at similar rates without significant phase
separation between lipids and water-soluble components of the meal (Cortot et al.,
1979), whereas a phase separation occurs in the stomach during the digestion of
a “normal” liquid-solid meal (Cortot et al., 1981). The extent of the phase separation depends on the rate of gastric emptying.
Since all these parameters have potentially an impact on gastrointestinal lipolysis, mixed solid/liquid test meals were also used to study lipase secretions and lipolysis levels. A typical meal used in our experiments contained 80 g string
beans, 90 g beef, 70 g French fries, 10 g butter and water, making a total volume
of 700 mL. Before being mixed together, the string beans, grilled beef meat and
fries were put into a mincer with 2-mm apertures to allow a subsequent administration of the meal and its recovery by aspiration through the gastric and duodenal tubes. The total amount of fat present in the liquid-solid meal was estimated
to be 17 g, including 15 g TG (18 mmol TG). The TG concentration in the solid
meal was 25.7 mM. It is worth noting that these amounts of lipids are lower than
the average lipid intake in developed countries (100 g per day, 30 g per meal). It
was, however, necessary to reduce the solid part of the meal to ensure a high recovery of the meal from the intestine and to allow a real quantification of lipolysis.
In addition, a non-absorbable marker, polyethylene glycol (PEG 4000, 10 g/L)
was added to each meal in order to estimate the percent recovery of the meal and
to adjust the volumes at the end of the test meal digestion (Borgström et al.,
1957). This marker also allowed to estimate the rate of gastric emptying, the volume of gastric contents and the pyloric outputs of HGL and lipolysis products
(Carrière et al., 1993 a).
The importance of the physical state of the lipids in the meal was demonstrated
by measuring in vitro the specific activities of HGL and HPL on the triglycerides
of the liquid and the mixed liquid-solid test meals. HPL was found to display a
higher activity on the pre-emulsified TG of Shak Iso® (43–47 U/mg) than on the
TG found in the mixed liquid-solid meal (12–15 U/mg) (Carriere et al., 2000). As
will be shown below (section 10.7), these observations were essential to understand the mechanism of lipolysis inhibition by the lipase inhibitor orlistat®.

10.4 Gastrointestinal Lipolysis of Test Meals in Healthy Human Volunteers

10.4.2

Experimental Device for Collecting Samples in vivo

Various types of duodenal tubes have been used to estimate gastrointestinal lipolysis (Carrière et al., 1993 a, 2001). Fig. 10.5 describes an experimental device in
which volunteers were intubated with a four-lumen duodenal tube and with a single lumen gastric tube. An inflatable balloon present on the duodenal tube was inflated to occlude the upper part of the duodenum, close to the pylorus where no
HPL is present. Continuous aspiration was performed upstream of the balloon to
determine the pyloric outputs of HGL and of the lipolysis products generated into
the stomach. After being sampled, the postpyloric aspirates were re-injected downstream of the occluding balloon in order to investigate the duodenal step of digestion. A second continuous system of aspiration was set up at the ligament of
Treitz to assess the outputs of HGL and HPL, and of the overall lipolysis products
resulting from both intragastric and duodenal lipolysis. The contents of the upper
and the lower parts of duodenum were continuously aspirated for 15 min periods.
The total volumes of both aspirates were measured and samples were collected
for lipase, pH, PEG and lipid analysis. The single lumen gastric tube was used to
administer the meal and to collect gastric samples every 15 minutes as well as the
total residual gastric contents at the end of the experiment.

10.4.3

Gastric and Duodenal pH Variations

Since the lipase activities of HGL and HPL are highly dependent on pH values, it
was particularly important to assess gastric and duodenal pH variations during
the digestion period. After ingestion of a meal, the pH values in the stomach
reach 6–7 depending on the type of meal ingested (Fig. 10.6 A). Then, the gastric
pH decreases with time due to the combined effects of gastric acid secretion and
gastric emptying, which increase the proportion of gastric secretion in gastric contents and reduce the buffering effects of the meal components. At half gastric
emptying (60 min on average), the intragastric pH value is close to 5. At the end
of gastric emptying (150 min or more), very low pH values (1–2) corresponding to
nearly pure gastric juice are reached.
Duodenal pH variations are less important and usually restricted to the 5–7 pH
range (Fig. 10.6 B).

10.4.4

Lipase Concentrations and Outputs

The mean basal concentration of HGL in gastric juice is found in the 100–
120 lg/mL range, but a high variability is observed because HGL stability is decreased at pH values below 1.5 (Ville et al., 2002). Immediately after the ingestion
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Fig. 10.6 Gastric and duodenal pH variations
during test meals in humans. Mean values
and standard deviations were estimated from

data of 30 experiments performed with a liquid test meal and 40 experiments performed
with a solid-liquid test meal.

of a meal, HGL concentration in gastric contents is usually very low due to the
large dilution of basal gastric juice by the meal (Fig. 10.7). HGL concentration is
then increasing because its secretion is stimulated by the meal (Carrière et al.,
1993 a). Fig. 10.7 A shows a high dispersion of the HGL concentration in gastric
contents which is increasing with time (data from ten individual experiments
with healthy volunteers). When the same HGL data are plotted as a function of

10.4 Gastrointestinal Lipolysis of Test Meals in Healthy Human Volunteers

Fig. 10.7 Variations with time (A) and meal
gastric emptying (B) of HGL concentration in
gastric contents during test meals in humans.
Mean values and standard deviations were

estimated from data of 10 experiments performed with a liquid test meal (Carrière et al.,
2001). Similar values are recorded with solidliquid test meals.

meal gastric emptying (in %, estimated from PEG emptying) instead of time, dispersion of the values is reduced (Fig. 10.7 B). A sharp increase in HGL concentration is observed after 70–80% gastric emptying. As expected, HGL concentration
reaches its basal concentration in pure gastric juice at the end of meal gastric
emptying. Gastric emptying is a major cause of variability when studying gastrointestinal parameters as a function of time. Expressing gastric HGL concentration
as a function of gastric emptying instead of time makes it possible to reduce the
individual variability and the deviation between experiments (Carrière et al., 2001).
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Fig. 10.8 Variations with time (A, C) and
meal gastric emptying (B, D) of HGL and
HPL concentrations in duodenal contents during test meals in humans. Mean values and
standard deviations were estimated from data

(268 values for HGL concentration and 296
values for HPL concentration) of 29 experiments performed with both liquid and solidliquid test meals. Data obtained with both
types of meals are not significantly different.

In duodenal contents, HGL concentration shows a Gaussian profile as a function of time, and maximum HGL concentrations are observed after 100–120 minutes (Fig. 10.8 A). When the same data are plotted as a function of meal gastric
emptying, one can see that the highest values are measured at the end of gastric
emptying (Fig. 10.8 B), like in gastric contents (Fig. 10.7). The mean HGL concentration in duodenal contents is 20 lg/mL, with a maximum value of 140 lg/mL.
A high variability of HPL concentration is observed as a function of time
(Fig. 10.8 C) and expressing HPL concentration as a function of gastric emptying
instead of time (Fig. 10.8 D) does not reveal a specific pattern of variation as previously observed with HGL (Fig. 10.7). The mean HPL concentration in duodenal
contents is 330 lg/mL, with a maximum value of 1450 lg/mL.
The HGL output during a meal was estimated from several clinical studies
(Tab. 10.2), with mean values ranging from 9 to 25 mg HGL and high standard
deviations. Whatever the type of meal and the amounts of fat ingested, the values
obtained in the various studies were not found to be significantly different. The
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Tab. 10.2 HGL outputs in various clinical studies

Test meals

Fat amounts

HGL outputs
(mean ± SD, mg)

Number of Reference
experiments

Liquid meal
Liquid meal
Liquid meal
Liquid meal + Xenical
Liquid meal + Orlistat
Mixed solid/liquid
meal
Mixed solid/liquid
meal + Xenical
Mixed solid/liquid
meal + Orlistat
Liquid meal
Liquid meal +
lansoprazole

11.25 g TG
13.4 g TG
15 g TG
15 g TG
15 g TG
15 g TG

22.6 ± 8.1
24.7 ± 9.1
21.6 ± 14
17.6 ± 6.7
17.2 ± 11.6
15.2 ± 5.1

n = 15
n=6
n=3
n=3
n=3
n=7

Carrière et al., 1993
Borovicka et al., 1997
Carrière et al., 2001
Carrière et al., 2001
Carrière et al., 2001
Carrière et al., 2001

15 g TG

9.1 ± 3.2

n=5

Carrière et al., 2001

15 g TG

16.3 ± 9.6

n=5

Carrière et al., 2001

11.25 g TG
11.25 g TG

15.4 ± 8.0
19.0 ± 7.4

n=6
n=6

Renou et al., 2001
Renou et al., 2001

Tab. 10.3 HPL outputs in various clinical studies

Test meals

Fat
amounts

HPL outputs
Reference
(mean ± SD, mg)

500 mL
500 mL
700 mL
500 mL
500 mL
500 mL

11.25 g TG
15 g TG
15 g TG
50 g TG
40.4 g FFA
13.4 g TG

88.2 ± 25
253.5 ± 95.5
202.9 ± 96.1
442 ± 87
645 ± 96
245 ± 22

Liquid test meal
Liquid test meal
Mixed solid/liquid test meal
of 10% Intralipid
Fatty acid meal
Liquid test meal

Carrière et al., 1993
Carrière et al., 2000, 2001
Carrière et al., 2000, 2001
Schwizer et al., 1997
Schwizer et al., 1997
Borovicka et al., 1997

HPL outputs are shown in Tab. 10.3, with mean values ranging from 88 to
645 mg HPL and high standard deviations. Contrary to what is observed with
HGL, HPL secretion seems to increase with the amounts of fat present into the
meal. This finding is in agreement with the increased pancreatic lipase expression
(mRNA) observed in rats when the diet is enriched in fat (Wicker-Planquart and
Puigserver, 1993).

10.4.5

Lipolysis Levels

Intragastric lipolysis of meal triglycerides was estimated from the cumulated pyloric outputs of lipolysis products (free fatty acids: FFA; diglycerides: DG; monoglycerides: MG) and residual triglycerides (TG) and was expressed as the percentage
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Fig. 10.9 Pyloric and duodenal outputs of lipolysis products and residual meal triglycerides during the digestion of a liquid test
meal. The distribution of total meal TG acyl
chains (mol%) in lipolysis products (free fatty
acids: FFA; diglycerides: DG; monoglycerides:
MG) and residual triglycerides (TG) is plotted
as a function of meal gastric emptying (%).

Panels A and C show the pyloric output of
lipolysis products in the absence and in the
presence of the lipase inhibitor orlistat, respectively. Panels B and D show the duodenal
output at the Angle of Treitz of lipolysis products in the absence and in the presence of
the lipase inhibitor orlistat, respectively.

of TG acyl chains converted into absorbable acyl chains, i.e. FFA and MG.
Fig. 10.9 A shows the distribution of total acyl chains (mol%) in the lipolysis products passing through the pylorus as a function of meal gastric emptying. One can
clearly see that the proportion of acyl chains present in meal triglycerides is decreasing with meal gastric emptying, whereas the proportion of FFA is increasing.
These data are consistent with the fact that HGL concentration in gastric contents
is also increasing with meal gastric emptying (Fig. 10.7 B). Intragastric lipolysis by
HGL was found to be significantly lower (P < 0.02) with the solid meal (9.3 ± 6.3%)
than with the liquid meal (24.4 ± 5.7%; see Tab. 10.6). MG concentration in gastric
contents was usually very low.
The overall lipolysis occurring in both the stomach and the duodenum was estimated from the cumulated outputs of lipolysis products and residual triglycerides

10.5 HGL and HPL Stability

at the Angle of Treitz. Fig. 10.9 B shows the distribution of total acyl chains
(mol%) in the lipolysis products passing through the Angle of Treitz as a function
of meal gastric emptying. At this stage of the GI tract and with a liquid test meal,
around 50% of the meal TG acyl chains have already been converted in FFA.
Most of the TG have disappeared but significant amounts of DG remain to be
converted into MG and FFA.
Duodenal lipolysis level was deduced by subtracting the gastric lipolysis level
from the overall lipolysis level. Duodenal lipolysis was also found to be lower with
the solid meal (18.4%) than with the liquid meal (35.0 ± 2.0%; Tab. 10.6). The triglycerides of the liquid test meal therefore provided a better substrate for HGL
and HPL, probably because they were pre-emusified and stabilized in the form of
a fine emulsion by the large amounts of phospholipids present in the Shak Iso®
liquid test meal. In the solid meal, the physicochemical state of the lipids is more
heterogeneous and most of the TG have to be emulsified in the course of the digestion process.
Although the lipolysis levels were found to increase in the duodenal contents, it
is worth noting that the overall lipolysis levels at the Angle of Treitz reached only
59.4 ± 5.6% with the liquid meal and 27.7 ± 6.8% with the solid meal. The lipolysis
could not be complete because the duodenal contents were collected continuously
at the Angle of Treitz for 15 minute periods and at the end of each period, the lipolysis of the aspirate was stopped in order to analyze the lipolysis products. The
mean residence time of the meal lipids in the small intestine and hence their contact with lipases were therefore shortened artificially in comparison with the situation under normal physiological conditions.
The contribution of HGL to overall lipolysis is difficult to estimate because both
HGL and HPL act on the same substrate in duodenal contents and generate similar lipolysis products. From the respective amounts of HGL and HPL produced
during a meal and the specific activities of these two lipases on meal triglycerides,
it was however estimated that HGL might be responsible for the release of one
acyl chain out of four that have to be released to convert two triglyceride molecules into 2-monoglycerides and FFA during the whole digestion process (Carrière
et al., 1993 a).

10.5

HGL and HPL Stability

Residual activity of purified HGL or HGL in gastric juice has been tested after the
enzyme was incubated for 2 h at various pH values (Ville et al., 2002). In between
pH 2 and 6–7, HGL remains highly stable in gastric juice with a recovery of lipase activity as high as 93%. For extreme pH values, the activity decreases rapidly
(pH 8) or is definitely lost (pH 0.5, 0.75 and 1) which means that basal HGL secreted in the fasting state is most likely inactivated and that the buffering effect of
a meal seems compulsory to preserve HGL activity. Pure HGL is more pH-sensi-
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tive and the greatest stability was observed at neutral pH with a recovery of lipase
activity of 95% after 1 min and 59% after 2 hours incubation at pH 7. Half inactivation time decreases as pH decreases, except at pH 8 where the loss of activity is
extremely fast. Under physiological conditions, HGL is most likely stabilized by
other components of the gastric juice such as the mucus. Inactivation of the HGL
at very low pH values (0.5–1) and at pH 8.0 is irreversible and probably results
from a denaturation of the 3D structure. In addition to this factor of inactivation,
HGL is also degraded by pepsin in gastric juice at low pH values. In this case, immunoreactivity of HGL using western blot analysis and polyclonal antibodies is
completely lost, thus revealing a complete degradation of the polypeptide. HGL is
only sensitive to pepsin at very low pH values (0.5–1), suggesting that only denaturated HGL is sensitive to proteolytic cleavage by pepsin. At the optimum pH
value for pepsin activity (pH 3.0), HGL is highly stable in gastric juice.
The role of preduodenal lipase in the overall gastrointestinal lipolysis has often
been underestimated because this enzyme was considered to be highly sensitive
to proteolytic degradation by pancreatic proteases (Bernbäck et al., 1987; Roberts
and Hanel, 1988). The in vivo stability of preduodenal lipase in the rat intestine
was however studied in the absence of a meal. Pancreatic lipase is also highly sensitive to pancreatic proteases under these conditions, but not in the presence of a
meal, the components of which stabilize the lipase (Muller and Ghale, 1982). Similarly, it was observed that preduodenal lipase activity was preserved in the duodenum of CP patients, in the presence of a test meal (Abrams et al., 1987). The
presence of active preduodenal lipase was also detected in the intestinal contents
of CF patients (Fredrikzon and Blackberg, 1980). When the duodenal levels of
HGL were precisely measured during a test meal with both a specific enzymatic
assay (pH-stat) and an ELISA, it was deduced that most of the HGL quantified by
ELISA remained active. Moreover, the output of active HGL at the Angle of Treitz
was similar to the pyloric output of HGL, demonstrating a high stability in the
duodenum of the HGL produced in the stomach (Carrière et al., 1993 a). Similar
experiments were performed in dogs. In this case, significant levels of active gastric lipase were also measured in the jejunum (Carrière et al., 1993 b).
In order to estimate the stability of HGL and HPL lipase activities in duodenal
contents during a test meal in humans, samples of duodenal contents collected at
the Angle of Treitz by aspiration were incubated for three hours at 37 8C.
Fig. 10.10 shows the residual lipase activities measured after 3 hours, as a function of the pH value of the sample. One can see that HGL activity is highly stable
at acidic pH value (more than 80% residual activity at pH 2) whereas HPL activity
drastically decreases at pH 4 with less than 20% residual activity recovered. Reverse stabilities are observed at pH values close to neutrality. HPL is highly stable
at pH 7 with 95% residual activity recovered whereas HGL residual activity is
around 5%.
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Several observations made with cystic fibrosis (CF) or chronic pancreatitis (CP) patients suggest that gastric lipase can partly replace pancreatic lipase in case of exocrine pancreatic insufficiency (EPI). In CF patients, 20 to 80% of the ingested triglycerides remain absorbed (Fredrikzon and Blackberg, 1980; Lapey et al., 1974;
Ross, 1955; Ross and Sammons, 1955). In very rare cases of total congenital pancreatic lipase deficiency, 50% of the ingested triglycerides can be absorbed (Muller
et al., 1975). During a test meal, the lipolytic activity of gastric contents is sometimes higher in CF patients than in control subjects (Roulet et al., 1980).
It has been shown that the secretory output of HGL under pentagastrin stimulation is significantly increased in case of severe CP resulting from alcoholism
(Moreau et al., 1990). These results suggested an adaptation of HGL in case of
EPI. Contradictory observations were however reported (Moreau et al., 1988 c).
Abrams et al. did not observe an increase in preduodenal lipase levels in CF and
CP patients (Abrams et al., 1984, 1987). But they reported that 90% of the lipolytic
activity measured at the Angle of Treitz during the digestion of a meal was due to
preduodenal lipase. These studies referred to “lingual lipase” because human preduodenal lipase was thought to be of lingual origin at that time. It was demonstrated later on that preduodenal lipase is of gastric origin in humans (Bodmer et
al., 1987; Moreau et al., 1988 b). According to the data obtained by Abrams, one
would expect that the increased role of preduodenal lipase in case of EPI is not
due to an increase in the enzyme secretion, but to an increased specific activity.
In pathological cases of EPI, the pH of small intestine contents is lower than in
normal subjects due to a reduced bicarbonate secretion and a weak neutralization
of gastric acid. As already mentioned, gastric lipase displays a higher specific activity at acidic pH values (Fig. 10.3) and its contribution to the overall gastrointestinal lipolysis is expected to be higher in cases of EPI. Moreover, the low levels or
the absence of pancreatic proteases are in favour of a higher stability of gastric lipase in the small intestine contents.
The use of gastric lipase, a naturally acid stable and active lipase, to improve fat
absorption in cases of EPI is an alternative to the use of porcine pancreatic extracts (Bénicourt et al., 1993; Moreau et al., 1987; Roulet et al., 1980), because
pancreatic enzymes are particularly sensitive to the more acidic conditions prevailing in the small intestine in cases of EPI. Pancreatic extracts (PE) containing porcine pancreatic lipase have been the therapeutic standard for several decades for
the treatment of EPI. Modern therapeutic concepts recommend administration of
25 000–40 000 units of porcine lipase per meal using pH-sensitive pancreatin microspheres (Layer and Keller, 2003). Still, in most patients, lipid digestion cannot
be completely normalized by current standard therapy, and future developments
are needed for optimizing treatment. In fact the low efficiency of PE is not really
surprising since 25 000–40 000 Eur. Pharm. U. only correspond to 8–13 mg of active pancreatic lipase. We have already mentioned that pancreatic lipase output
during a meal is much higher than these values (Tab. 10.3). Moreover, experi-
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ments performed with animal models of EPI clearly show that much higher
amounts of PE have to be administered for a complete reduction of steatorhrea
(Gregory et al., 2002). Novel lipases are now tested for higher efficacy. Fungal lipase is already found in some enzyme supplements but has inferior properties
compared with conventional pancreatic extracts (Layer and Keller, 2003). Bacterial
lipase products show promising potential and might offer future therapeutic alternatives (Suzuki et al., 1997). The most promising development, however, concerns
gastric lipase, a recombinant dog gastric lipase (DGL) being produced in transgenic plants for that purpose (Gruber et al., 2001). Among all lipases, DGL shows
the highest specific activity on long-chain triglycerides at pH 4 (Carrière et al.,
1991) and it is a good enzyme candidate for acting under the acidic environment
of the small intestinal in patients with EPI (Bénicourt et al., 1993). The results of
the first study to be carried out on the efficacy of gastric lipase in an animal EPI
model indicate that supplementing the diet with exogenous purified rabbit gastric
lipase reduces steatorrhea in minipigs (Milano and Oliveira, 1998).

10.7

Inhibition of Gastrointestinal Lipolysis by Orlistat for Obesity Treatment
10.7.1

The Lipase Inhibitor Orlistat

Obesity is a serious disease which predisposes to numerous health problems, including diabetes, hypertension and atherosclerosis. It accounts for 2–7% of the total healthcare costs in Western countries and its prevalence is increasing rapidly
in the developing countries, where it is already out of control (Garrow, 1998). Dietary therapy is the first line treatment for obesity, but since it has not proved to be
sufficient in many cases, drug therapy also has to be envisaged. There were high
hopes for the efficacy of drugs acting on the central nervous system as appetite
suppressants. Serious cardiovascular side effects were reported, however, with
drugs such as fenfluramine, and their clinical use was therefore severely restricted. As excess fat consumption is widely thought to be one of the main
causes of obesity, means of specifically inhibiting triglyceride digestion have been
developed as a new approach to reducing fat absorption.
Orlistat (tetrahydrolipstatin) is a covalent inhibitor of digestive lipases (Borgström, 1988; Hadvàry et al., 1988), derived from lipstatin, a natural product of
Streptomyces toxytricini (Weibel et al., 1987). It is an active site-directed inhibitor
which reacts with the nucleophilic serine residue from the catalytic triad of pancreatic lipase (Fig. 10.11) (Hadvàry et al., 1991; Lüthi-Peng et al., 1992). By covalently blocking the lipase active site, orlistat inhibits the hydrolysis of dietary triglycerides and thus reduces the subsequent intestinal absorption of the lipolysis
products, monoglycerides and free fatty acids. It also inhibits gastric lipase, cholesterol esterase and various other lipases which are all serine hydrolases (Borg-
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ström, 1988; Cudrey et al., 1993; Gargouri et al., 1991; Ransac et al., 1991; Roussel et al., 1998 b), but it does not inactivate serine proteases such as trypsin and
chymotrypsin (Hadvàry et al., 1988). When administered with a meal, orlistat acts
locally in the gastrointestinal tract since its systemic absorption is negligible (Zhi
et al., 1995). The drug therefore acts specifically on digestive lipases in vivo, although it can inhibit other human lipases such as lipoprotein lipase (Lookene et
al., 1994) and hormone-sensitive lipase (Smith et al., 1996) in vitro.
Many clinical trials have been performed on orlistat during the last few years
and one formulation of the drug (Xenical®) was licensed in the European Union
in 1998 (Brooks, 1998) and in the United States in 1999. The results of clinical
studies have indicated that Xenical® reduces fat absorption up to 30% (Zhi et al.,
1994) during a meal. Xenical® has dose-dependent effects up to 400 mg per day
and a plateau is then observed (Zhi et al., 1994). When Xenical® is administered
in therapeutic doses (120 mg with the main meals) in conjunction with a mildly
hypocaloric diet, obese patients have lost around 10% of their bodyweight over a 1
year period (Sjoström et al., 1998).

10.7.2

Design of Clinical Studies for Quantification of Lipase and Lipolysis Inhibition

In most clinical studies, the effects of orlistat have been estimated indirectly from
the levels of fecal fat excretion. Its direct inhibitory effects on digestive lipases and
lipolysis have been quantified more recently. Hildebrand and coworkers observed
that a dose-dependent inhibition of human pancreatic lipase (HPL) occurred concomitantly with a decrease in the free fatty acid levels at the Angle of Treitz (Hildebrand et al., 1998). Schwizer and coworkers have established that HPL activity
in the duodenal contents was almost completely inhibited by orlistat, whereas the
total output of immunoreactive HPL remained unchanged in comparison with
that recorded in control experiments without orlistat (Schwizer et al., 1997). Even
though HGL is the second most important enzyme involved in dietary triglyceride
hydrolysis, HGL was not a main target in the development of orlistat, and the respective effects of orlistat on gastric and duodenal lipolysis were only investigated
in a recent study (Carrière et al., 2001). The aim of this study was to quantify the
inhibition of HGL and HPL by orlistat, as well as the decrease in the lipolysis occurring in response to orlistat at the post-pyloric and lower duodenal levels, in the
course of test meals in healthy human volunteers. Two different formulations of
orlistat (Xenical® pellets containing 120 mg orlistat and 120 mg micronized orlistat powder) and placebo (controls) were studied in association with one complete
liquid test meal and one mixed solid/liquid test meal. The experimental devices
used to measure the concentrations and outputs of digestive lipases and lipolysis
products were similar to the device described in section 10.4. In addition, the
HGL and HPL inhibition levels were estimated by comparing the amounts of active lipase (pH-stat measurements) with the total amounts of lipase determined
by ELISA. Lipolysis levels were estimated from the recovery of FFA, MG, DG and
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Fig. 10.10 Stability of HGL and

HPL lipase activities in duodenal
contents during a test meal.
Samples of duodenal contents
collected at the Angle of Treitz by
aspiration were incubated for
three more hours at 37 8C, after
the initial HGL and HPL activities
were measured. The residual activities measured after 3 hours
were expressed as percentage of
the initial activities and plotted
as a function of the pH value of
the sample.

residual meal TG at the post-pyloric level (intragastric lipolysis) and at the Angle
of Treitz (overall lipolysis), respectively. Duodenal lipolysis level was obtained by
subtracting intragastric lipolysis from overall lipolysis.

10.7.3

HGL Inhibition by Orlistat

Some HGL inactivation was observed in the control experiments (29.4% with the
liquid meal; 12.3% with the solid meal; Tab. 10.4). Partial inactivation of HGL was
found to occur mostly in the samples with the lowest pH values (1–2), which
were collected at the end of the meal gastric emptying process.
In the presence of a lipase inhibitor, the HGL inhibition was always very high
(Tab. 10.4) whatever the mode of orlistat administration (Xenical® pellets and micronized orlistat powder) or the type of meal ingested (liquid and solid). The differences observed in comparison with the control experiments were significant
(p < 0.05) for both Xenical® pellets and micronized orlistat powder given with the
liquid meal and were highly significant for Xenical® pellets (p < 0.005) and for micronized orlistat powder (p < 0.001) given with the solid meal . The mean inhibition level of HGL was found to be higher with micronized orlistat powder than
with Xenical® pellets (Tab. 10.4), but this difference was not statistically significant. Micronized orlistat powder pre-mixed with the meal fat was therefore as efficient as the orlistat present in the pellets of Xenical®. It was observed that the
HGL inhibition was also very high in the duodenal samples.
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Tab. 10.4 Effects of Orlistat on HGL secretion and activity during digestion of test meals. Values
are means ± SD.

Meal

Liquid meal:
Shak Iso®
Solid meal:
Hamburger,
fries, butter

Treatment

Xenical® pellets
Orlistat powder
Control
Xenical® pellets
Orlistat in butter
Control

Amounts of
HGL
secreted (mg)

Active HGL
Amounts (mg) % control

HGL
inhibition
(%)

17.6 ± 6.7
17.2 ± 11.6
21.6 ± 14.5
9.1 ± 3.2
16.3 ± 9.6
15.2 ± 5.1

5.4 ± 4.6
1.4 ± 1.0
14.5 ± 10.8
4.8 ± 1.7
5.4 ± 3.4
13.2 ± 4.6

75.2 ± 17.7
91.4 ± 4.4
29.4 ± 29.6
46.6 ± 10.5
65.2 ± 15.2
12.3 ± 14.0

37.2
10.0
100.0
36.4
41.0
100.0

Tab. 10.5 Effects of Orlistat on HPL secretion and activity during digestion of test meals. Values
are means ± SD.

Meal

Liquid meal:
Shak Iso®
Solid meal:
Hamburger,
fries, butter

Treatment

Xenical® pellets
Orlistat powder
Control
Xenical® pellets
Orlistat in butter
Control

Amounts of
HPL
secreted (mg)

Active HPL
Amounts (mg) % control

HPL
inhibition
(%)

173.1 ± 46.1
192.4 ± 78.6
253.5 ± 95.5
127.3 ± 78.9
137.6 ± 67.8
202.9 ± 96.1

39.9 ± 12.1
34.4 ± 23.7
246.0 ± 73.0
25.2 ± 22.2
67.2 ± 64.5
190.3 ± 85.4

77.2 ± 3.7
77.2 ± 19.8
2.5 ± 3.9
82.6 ± 5.4
51.2 ± 34.6
6.7 ± 6.3

16.2
14.0
100
13.2
35.3
100

10.7.4

HPL Inhibition by Orlistat

The results obtained with the liquid and solid test meals are listed in Tab. 10.5. A
high level of HPL inhibition was observed in all the groups treated with the two
forms of orlistat, and with both type of meals. With the liquid meal, the difference with controls was highly significant in the Xenical® pellet group (p < 0.001)
and the micronized orlistat powder group (p < 0.01). With the solid test meal, the
difference with controls was highly significant in the Xenical® pellet group
(p < 0.001) and significant in the micronized orlistat powder group (p < 0.05). The
difference between the two treated groups was not significant, whatever the type
of meal ingested.

219

220

10 Physiology of Gastrointestinal Lipolysis and Therapeutical Use

Fig. 10.11 Covalent inhibition of human pancreatic lipase (HPL) by orlistat.

10.7.5

Effects of Orlistat on Gastric Lipolysis

With both types of test meal and all drug formulations, the level of gastric lipolysis was highly and significantly (p < 0.05) reduced in vivo by orlistat (10.9 to 33.4%
of controls; Tab. 10.6), and a good correlation was always observed with the high
level of HGL inhibition (46.6 to 91.4%; Tab. 10.4).

Tab. 10.6 Effects of Orlistat on gastrointestinal lipolysis during digestion of test meals in
healthy volunteers. Values are means ± SD.

Meal

Treatment

Gastric lipolysis
(%)

Xenical® pellets
8.1 ± 6.8 (33.4)
Orlistat powder
2.7 ± 1.4 (10.9)
Control
24.4 ± 5.7 (100)
1.9 ± 1.3 (20.7)
Solid meal:
Xenical® pellets
Hamburger, fries, Orlistat in butter 2.3 ± 1.6 (25.1)
Control
9.3 ± 6.3 (100)
butter

Liquid meal:
Shak Iso®

Duodenal lipolysis Overall lipolysis
(%)
(%)
40.5 ± 19.2 (115.7)
26.1 ± 10.4 (74.5)
35.0 ± 2.0 (100)
6.0 (32.6)
6.9 (37.6)
18.4 (100)

48.6 ± 12.3 (81.9)
28.7 ± 9.4 (48.4)
59.4 ± 5.6 (100)
8.0 ± 1.5 (28.8)
9.2 ± 4.5 (33.4)
27.7 ± 6.8 (100)
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10.7.6

Effects of Orlistat on Duodenal Lipolysis

With the liquid meal, the duodenal lipolysis (Tab. 10.6) decreased only slightly
when micronized orlistat powder was pre-mixed with the meal (74.5% of controls), and did not decrease at all when Xenical® pellets were added in the course
of the administration of the meal (115.7% of controls). The differences between
treated and control groups were not significant. This lack of effect of orlistat as
means of reducing the duodenal lipolysis was not correlated with the high level of
HPL inhibition observed in the duodenal contents (Tab. 10.5). These paradoxical
results were however supported and explained by the results of further in vitro experiments. The rates of HPL inhibition by orlistat were found to be similar with
both types of meals (half-inhibition time = 5–6 min), but the finely pre-emulsified
TG of the liquid meal were rapidly hydrolyzed by HPL before the enzyme was significantly inhibited by orlistat (Carrière et al., 2001).
With the solid meal, the in vivo duodenal lipolysis was highly and significantly
reduced by orlistat with both forms of the drug (32.6 to 37.6% of controls;
Tab. 10.6), and in this case, a good correlation was observed with the high level of
HPL inhibition (51.2 to 82.6%; Tab. 10.5). In vitro experiments revealed that with
the mixed solid/liquid meal, the rate of hydrolysis of the meal TG by HPL was
slower than the rate of HPL inhibition by orlistat (Carrière et al., 2001).

10.7.7

Effects of Orlistat on Overall Lipolysis

Generally speaking, the overall level of lipolysis of the liquid test meal did not decrease significantly in response to Xenical® pellets (81.9% of controls). The decrease in the overall lipolysis was however found to be significant (p < 0.05) in the
group treated with micronized orlistat powder (48.4% of controls). The difference
between the two treated groups was mainly due to the very high level of inhibition of the gastric lipolysis observed in the group treated with micronized orlistat
powder (Tab. 10.6).
With the solid test meal, the overall level of lipolysis was highly and significantly reduced by the double action of orlistat on the gastric and duodenal lipolysis (28.8% of controls for Xenical® pellets, p < 0.005; 33.4% of controls for micronized orlistat powder in butter, p < 0.001; Tab. 10.6). The difference between the
two treated groups was not significant.

10.7.8

Effects of Orlistat on Fat Excretion

Similar experiments were performed without gastric and duodenal tubes, and fat
absorption was indirectly measured from fecal fat excretion. As predicted from
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the in vivo and in vitro gastrointestinal lipolysis experiments, it was observed that
Xenical® pellets poorly inhibited the absorption of fat from the finely pre-emulsified liquid test meal. Only 4.2% fat excretion was achieved as compared to 40.5%
fat excretion with the solid test meal ingested with Xenical® pellets (Tab. 10.7).
These results are in good agreement with the in vivo data (Tab. 10.6) showing that
the overall level of lipolysis undergone by the liquid meal was not significantly reduced by Xenical® pellets in comparison with what occurred in the control experiments. Since it was observed in the same experiments that the level of gastric lipolysis was significantly reduced, the data on fat excretion indicate that duodenal
lipolysis by HPL compensates for the decrease in the gastric lipolysis during the
whole digestion process.
When the liquid meal was given with micronized orlistat powder instead of Xenical® pellets, the mean level of fat excretion reached 18.8%, but was very variable and remained significantly lower than the fat excretion level determined after
ingestion of the solid meal with micronized orlistat powder (57.4% fat excretion;
Tab. 10.7). Here again, the results are in good agreement with the previous in vivo
data (Tab. 10.6) showing that micronized orlistat powder significantly decreased
the overall lipolysis level of the liquid meal versus control experiments. This decrease was mainly due to the drastic drop in the level of gastric lipolysis (10.9% of
controls). Interestingly, the level of fat excretion (18.8% of ingested fat) was found
to be similar to the decrease in the level of gastric lipolysis (from 24.4% in controls to 2.7% in the presence of orlistat powder). It therefore emerged from the
latter experiments that duodenal lipolysis by HPL does not suffice to compensate
for the decrease in the gastric lipolysis. One possible explanation for these results
focuses on the synergy existing between the action of HGL and that of HPL. It
has been established by Gargouri et al. (1986 a) that HPL hydrolyzed a triglyceride
emulsion covered by phospholipids only after partial hydrolysis by HGL had occurred. The free fatty acids generated by HGL were found to trigger the action of
HPL by changing the “quality” of the oil–water interface. One can therefore envision a further indirect inhibitory effect of orlistat on HPL when the gastric lipolysis is highly reduced.

10.7.9

Weight Management by Orlistat in Obese Patients

A randomised controlled trial to assess the efficacy and tolerability of orlistat in
promoting weight loss and preventing weight regain in obese patients was carried
out over a 2 year period (Sjoström et al., 1998). Obese patients with body-mass index 28–47 kg/m2 (n = 743) were recruited at 15 European centres, and entered a
4 week, single-blind, placebo lead-in period on a slightly hypocaloric diet (600
kcal/day deficit). The patients who completed the lead-in (n = 688) were assigned a
double-blind treatment either with orlistat 120 mg (three times a day) or with placebo, for 1 year in conjunction with the hypocaloric diet. In a second 52 week
double-blind period, patients were reassigned orlistat or placebo with a weight
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Tab. 10.7 Effects of Orlistat on fat excretion after ingestion of liquid and solid meals by healthy
volunteers. Values are means ± SD. The number of volunteers is indicated in brackets.

Meal

Treatment

Dose (mg)

Fat excretion
(% of ingested fat)

Liquid meal: Shak Iso® (990 mL)

Xenical®
Orlistat powder
Xenical®
Orlistat in butter

120
120
120
60

4.2 ± 6.8 (n = 5)
18.8 ± 31.7 (n = 5)
40.5 ± 26.1 (n = 7)
57.4 ± 16.8 (n = 6)

Solid meal: Hamburger, fries, butter

Fig. 10.12 Changes in body weight of obese

patients upon treatment with orlistat during
two years. The figure shows mean percentage
change in bodyweight from start of singleblind lead-in until 2 year examination in orlistat and placebo groups. Initial bodyweight
was close to a mean of 100 kg in both

groups, percentage change therefore approximately matches kg lost. SB = single-blind leadin period of 4 weeks; DB = double-blind, placebo-controlled treatment during years 1 and 2.
Error bars = SE. Adapted from Sjoström et al.
(1998) with permission.

maintenance (eucaloric) diet. From the start of lead-in to the end of year 1, the orlistat group lost, on average, more bodyweight than the placebo group (10.2%
[10.3 kg] vs. 6.1% [6.1 kg]; p < 0.001; Fig. 10.12). During year 2, patients who continued with orlistat regained, on average, half as much weight as those patients
switched to placebo (p < 0.001; Fig. 10.12). Patients switched from placebo to orlistat lost an additional 0.9 kg during year 2, compared with a mean regain of
2.5 kg in patients who continued on placebo (p < 0.001; Fig. 10.12). Total cholesterol, low-density lipoprotein (LDL) cholesterol, LDL/high-density lipoprotein ratio,
and concentrations of glucose and insulin decreased more in the orlistat group
than in the placebo group. Gastrointestinal adverse events were more common in
the orlistat group. Other adverse symptoms occurred at a similar frequency during both treatments.
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From this study and similar studies reported more recently (Broom et al., 2002;
Hanefeld and Sachse, 2002; Kelley et al., 2002), it was concluded that orlistat
taken together with an appropriate diet promotes clinically significant weight loss
and reduces weight regain in obese patients over a 2 year period. The use of orlistat beyond 2 years needs careful monitoring with respect to efficacy and adverse
events. These results appeared quite satisfactory from the clinical point of view.
The biochemists involved in the orlistat studies were however rather frustrated by
the 10% weight loss observed in obese patients after one year treatment, whereas
single test meal experiments have shown an inhibition of fat absorption as high
as 60% (Tab. 10.7) in healthy volunteers. The current galenic form of orlistat (Xenical) may not be the optimal one since better results are obtained with pure orlistat (Tab. 10.7). Also, during long-term studies, there might be an adaptation of
the physiology of obese patients in order to counteract the inhibitory effects of orlistat.

10.7.10

Conclusions

The clinical study by Carrière et al. (2001) provided the first comprehensive overview of test meal lipolysis by HGL and HPL in healthy human volunteers, in the
presence and absence of a lipase inhibitor (orlistat). The results obtained showed
that orlistat, administered either as Xenical® pellets, micronized powder or
melted in butter, is a powerful HGL inhibitor, which strongly reduces the level of
gastric lipolysis of liquid and solid test meals. The effects of orlistat on duodenal
lipolysis depend on the type of meal ingested. This study highlights the fact that
lipase inhibition and lipolysis are two competitive processes. The balance between
these processes depends on the physicochemical properties of the dietary TG. Improving the lipase inhibition rate versus the lipolysis rate may be one way in the
future development of lipase inhibitors for obesity treatment. Before new inhibitors and formulations are available, an alternative approach to improve the drug
efficiency will probably be to associate the prescriptions of Xenical® with more
specific diets in which fat is poorly pre-emulsified, and is therefore not a good
substrate for gastrointestinal lipases.
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B/C, protein kinase A/B/C; PP, protein phosphatases; TNF-a, tumor necrosis factor-a; VLDL, very low density lipoproteins; WAT, white adipose tissue

11.1

Metabolic Role of Triacylglycerol
11.1.1

Triacylglycerol and Energy Storage

Triacylglycerol (TAG) is the most concentrated form of energy available to biological tissues which emerged during biological evolution. For instance, the work covered by birds during their non-stop long-distance migrations is powered almost
exclusively by fat reserves. The extra weight of carbohydrate required to produce
the same calories would prevent the birds from ever taking off. In terms of human survival, the first unaided crossing of the polar ice cap was made possible by
the very high butter-fat content of the 220 kg of food reserves transported by the
sledges that were man-powered over the frozen wastes. The extra weight of a similar energy content as carbohydrate would have made this pioneering journey impossible in the short and medium terms. TAG also exhibits relatively low “biological toxicity” compared to FA (see below) and is well tolerated even at high concentrations in the blood plasma. TAG therefore provides a benign form of FA storage
and transport. Before its use as an energy source, however, it must undergo lipolytic mobilization to provide FA. The potent “toxicity” of FA in the long term re-
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quires a finely tuned regulatory mechanism that ensures that their release from
TAG stores is correctly balanced by uptake and utilization.
Although the cells of most tissues synthesize TAG [1, 2], only a few are adapted
to store TAG in considerable quantity. Some, such as heart and skeletal muscle,
store small quantities of TAG for their own use (albeit the heart has been recently
shown to have low capacity for lipoprotein export [3]). In other tissues, for instance in the pancreatic b-cells, TAG synthesis, storage and lipolysis may be involved in the regulation of the production of molecules, such as DAG and FA(-derivatives), which participate in various signal transduction processes [4] or in providing a source of FA committed to membrane phospholipid synthesis [5]. In
mammals, of course, adipose tissue is the most important storage pool of wholebody TAG and, consequently, the body’s largest energy reservoir; for example, an
adult with 15 kg of body weight has > 460 MJ of TAG fuel stores, which could provide 8.37 MJ daily for 2 months [6]. The primary role of adipocytes is to store
TAG during caloric excess and to mobilize this reserve when expenditure exceeds
intake. Mature adipocytes are uniquely equipped to perform these functions. They
possess the full complement of enzymes and regulatory proteins needed to carry
out both TAG storage and mobilization (see below). In adipocytes, the regulation
of these processes is exquisitely responsive to hormones, cytokines and other factors that are involved in energy homeostasis (Tab. 11.1 and below).
Nevertheless, the liver also has an important TAG storage function. These two
tissues export a proportion of their mobilized TAG. FA are released from adipose
tissue, and TAG is exported as VLDL from the liver. Both organs are connected
via a metabolic cycle in which FA released from adipose tissue are the major substrates for hepatic VLDL production and, in turn, FA from TAG contained in
VLDL are returned to adipose tissue by the action of LPL. In addition, TAG in adipose tissue represents the major source of plasma glycerol, which accounts for
about 90% of the substrates for hepatic gluconeogenesis at fasted condition in rodents [7]. Central to the control of this inter-tissue cycle between WAT and liver is
the regulation of TAG mobilization and release by both organs. The different cellular and molecular mechanisms involved in the regulation of TAG mobilization
from the storage pools in each of these tissues reflect the importance of the different roles of the lipids and FA which are exported.
FA stored within the TAG of adipose cells constitute the vast majority of energy
reserves in animals. While the TAG pool in adipocytes provides a reservoir of energy
for times of prolonged restricted caloric intake, there is also a normal “acute” flux of
FA into and out of adipose tissue in response to meals and other factors, such as
insulin [8, 9]. TAG hydrolysis in adipocytes, termed lipolysis, contributes to the increased levels of plasma NEFA by two mechanisms, one direct and the other indirect. In the post-absorptive state or during starvation FA are normally released from
adipocytes directly into the plasma and transported to various tissues where they
serve as a source of energy. In the insulin-resistant state this direct release of FA
is exacerbated, because the reduction in the anti-lipolytic action of insulin (see below) leads to increased lipolysis and a consequent increase in the release of FA from
adipocytes into plasma. In contrast to the postabsorptive direct FA release, there is
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Tab. 11.1 Natural and synthetic ligands known to affect TAG storage and/or mobilization in WAT
via receptor-mediated mechanisms. Meanwhile, the adipocyte has gained the status of an endocrine cell with the discovery of regulated production of several secreted products of various nature
(e.g. lipid metabolites, cytokines and other proteins) that are involved in autocrine, paracrine and
endocrine effects on TAG storage and mobilization. Adapted from Ref. [559] with modifications.

Ligand

Effect on TAG mobilization

Insulin
Insulin-like growth factor I and II
Thyroid-stimulating hormone
Prostaglandin E2
Adenosine
Neuropeptide Y-Y1
Epidermal growth factor
a2 catecholamine
Nicotinic acid/acipimox
Gastric inhibitory peptide

Inhibition and stimulation of TAG storage
Inhibition
Regulation
Inhibition
Inhibition
Inhibition
Antagonism of lipolytic catecholamine effect
Inhibition
Inhibition
Stimulation of TAG storage and amplification
of insulin effects
Inhibition
Inhibition and stimulation of TAG storage
Inhibition of catecholamine-induced TAG
mobilization and stimulation of TAG storage
Inhibition of catecholamine-induced TAG
mobilization and stimulation of TAG storage
Stimulation
Stimulation and antagonism of anti-lipolytic
insulin effect
Stimulation
Stimulation
Stimulation and inhibition of LPL
Stimulation
Stimulation
Stimulation

Muscarinic receptor agonists
ASP
Phosphoinositolglycan(-peptides)
Glimepiride
Glucagon
Leptin
Growth hormone
TNF-a
Interleukin-6
Angiotensin II
b1/b2/b3/b4 catecholamines
Triiodothyronine T3

an indirect effect of adipocyte lipolysis on FA release in the postprandial state. There
is a normal postprandial influx into adipocytes of FA produced by LPL action on
VLDL and chylomicrons in the adipose endothelium, and this influx depends on
a favorable downhill FA concentration gradient across the adipocyte plasma membrane. Again, this indirect effect is exacerbated in the insulin-resistant state, since
the increased lipolysis and, in consequence, the increased intracellular FA concentration in adipocytes abrogate the FA concentration gradient required for influx of
FA. Thus, in an indirect fashion, adipocyte lipolysis can increase plasma FA by reducing the postprandial influx of FA into adipocytes [8, 9]. Given the apparent interrelated contribution of the cellular and LPL-mediated lipolytic reactions in adipose
tissue to the plasma NEFA pool, it is important to understand the molecular basis
of TAG hydrolysis by these mechanisms.
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The two key enzymes involved in TAG mobilization within adipose tissue are
LPL and HSL. The function of LPL in mobilising FA from TAG contained in
VLDL and chylomicrons in the capillary endothelium of adipose tissue is not so
clear as originally thought. It is now becoming evident that a variable (and regulated) proportion of NEFA released by LPL from TAG-rich lipoproteins does not
enter adipose tissue but “leaks” into the plasma compartment [10] and that this
proportion may be under metabolic control dependent upon the nutritional state
[11]. For instance, in the post-absorptive state and during starvation, very little, if
any, NEFA derived from TAG of VLDL enter the adipose tissue. The major portion enters the blood plasma and supplements the HSL-mediated provision of
NEFA to the periphery during this period [8]. Any excess NEFA produced which
override the immediate oxidative capacity of energy-requiring tissues are re-esterified by the liver and stored as TAG or VLDL. The potential hazards of hyperlipidemia for the cardiovascular system in the postprandial state are now well established and accepted [12–15]. The liver may, thus, play a major protective role during this period by removing excessive NEFA from the circulation, temporarily
storing them as a “benign” derivative, TAG, and secreting them later as VLDL
when the period of maximum danger has passed. This protective function may
prove to be yet another facet of the liver’s more general role as a front-line defence to protect body tissues from the potentially dangerous but inevitable consequences of major and abrupt physiological transitions. In this way, the liver may
act as an essential (storage) buffer by which the supply of and demand for adipose tissue FA are matched in a way which does not result in or neutralize the
potential FA-induced “lipotoxicity” to peripheral tissues (see below; for a review
see Ref. [16]).

11.1.2

Lipolysis and Re-esterification

Adipocytes are highly differentiated cells specialized in handling large quantities of
long-chain FA (Fig. 11.1). During lipid storage in the fed state, FA are released by
LPL bound to the endothelial capillary wall into the blood from chylomicrons and
lipoproteins assembled and secreted by intestinal and liver cells, respectively (step
1), or from albumin, move through the endothelium via passage through tight junctions or endothelial cells (step 2), bind to the outer leaflet of the plasma membrane of
the target cells, and cross the membrane bilayer by simple diffusion or proteinmediated transport (step 3). While the direct involvement of FA not bound to albumin in FA uptake by adipocytes is generally accepted [17], it is still debated whether,
and if so to what extent, the albumin-bound FA pool is directly engaged in this process [18]. Using the hindlimb perfusion technique it was demonstrated recently that
FA incorporation into intramuscular TAG depends not only on the unbound to albumin FA concentration but also, to some extent, on the total FA concentration
[19]. This supports the previous speculation that albumin-bound FA could be directly involved in the uptake process mediated by an interaction of the FA-albumin com-
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Fig. 11.1 Working model for FA re-esterification and its control by the efficacy of removal
of newly released NEFA from the interstitial
space into the circulation. Elevation/reduction
of the blood flow would decrease/increase the
accumulation of NEFA in the interstitial space
in the vicinity of adipocytes where the endogenously released NEFA intermingle with and
are diluted by the nefa generated by LPL action from lipoproteins (LP) in the endothelial
capillaries, and thereby decrease/increase the
probability of re-uptake and re-esterification of
NEFA released from adipocytes by HSL and
2-monoacylglycerol lipase (2-MAGL) action.
This allows rapid adaptation of the supply of
NEFA from adipose tissue according to the

acute requirements of the organism (e.g. during starvation), which, to a certain degree, operates independent of the actual (insulin-controlled) lipolytic/anti-lipolytic state of the adipocytes. The major portion of NEFA/nefa in
the interstitial space and capillaries is bound
to serum albumin (Alb). The transport of glucose (as precursor for glycerol-3-phosphate,
G-3-P) and the bidirectional flux of NEFA/nefa
across the adipocyte plasma membrane is facilitated by GLUT4 and CD36/FAT, respectively, whereas simple diffusion and/or specific transport via AQPap is involved in the release of glycerol from adipocytes. See text for
details. Adapted from Ref. [28] with modifications.

plex with an albumin receptor located at the cell surface [20], putatives candidate for
which are the albumin-binding proteins (ABP) [21]. They could either promote a direct transfer of FA from the complex into the plasma membrane or facilitate dissociation of FA molecules from albumin, and thus locally increase the number of FA
molecules available for uptake. Subsequently, FA transported across the plasma
membrane are trapped in the cytoplasm by conversion into mobilised acyl-CoA
(step 4), (re-)esterified and stored primarily as TAG in LD (step 5). During lipolysis
of stored TAG in the fasting state, FA are released from intracellular LD primarily by
action of HSL and 2-monoacylglycerol lipase (step 6) [22], move to and cross the plas-
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ma membrane (step 7), and are released into the interstitial space, where they bind to
albumin (step 8). Subsequently, the FA pass through the endothelial cells via transcytosis or diffuse through the spaces between them (tight junctions) to reach the
blood (step 9).
The temporal and spatial relationship between breakdown (lipolysis) and re-synthesis (re-esterification) of TAG (TAG-FA cycling) has to be tightly controlled to
either provoke or avoid generation of heat and energy expenditure through the
utilization of ATP during substrate cycling. A substrate cycle exists when opposing, non-equilibrium reactions catalyzed by different enzymes are operating simultaneously [23, 24]. At least one of the reactions must involve the hydrolysis of
ATP. Thus, a substrate cycle both liberates heat and increases energy expenditure
in the absence of net conversion of substrate into product. Some of the NEFA
formed during lipolysis can be re-esterified to TAG [25, 26], whereas little or no
glycerol is re-utilized by fat cells [27]. This pathway of lipolysis and NEFA re-esterification forms an important cycle for energy turnover, allowing the fat cell to respond rapidly to changes in peripheral requirements for NEFA (Fig. 11.1). This is
reflected in the FA concentration gradient between plasma and adipose tissue
(mainly fat cell cytosol) which is determined by both the blood stream and uptake
of NEFA by peripheral tissues. Two types of NEFA re-esterification in fat cells can
be recognized [28]. Primary re-esterification is the total amount of NEFA that is
re-esterified during a given situation and reflects the TAG synthesis capacity of
the fat cells. Fractional re-esterification is the proportion of NEFA re-esterified in
relation to the amount of NEFA formed by lipolysis in fat cells [28]. The latter
constitutes a futile cycle, energy-rich NEFA first being formed by lipolysis of TAG
and then re-synthesized to TAG. There is experimental evidence that NEFA have
to be released from adipocytes into the interstitial space, where they form a common pool with NEFA generated by LPL action, and subsequently be taken up by
the adipocytes for efficient re-esterification rather than that NEFA accumulating
in the cytoplasm can be used for a “short-circuit” re-esterification [28, 29]. Fat cell
re-esterification can be determined in vitro by simultaneous measurement of the
release of glycerol and NEFA using fluorescence, luminescence or dual radioisotope techniques or a combination thereof [24].

11.1.3

TAG Storage/Mobilization and Disease
11.1.3.1

Diabetes Mellitus and Metabolic Syndrome

During the last decade the traditional glucose-insulin axis with respect to examining
glucose tolerance and as a basic pathophysiological mechanism operating in diabetes, although remaining diagnostically useful, has been criticized [30–33]. The glucose-insulin axis has been overemphasized, while alterations in the insulin to NEFA
ratio and “NEFA” metabolism received much less attention [33]. The major change in
the appreciation of the nature of molecules supplying body energy came with the
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discoveries by Dole [34] and Gordon and Cherkes [35] that plasma NEFA are the major “lipid vehicles” in the mammalian organism. Furthermore, NEFA are the only
form of TAG mobilization from adipose tissue, subject to hormonal regulation.
The very rapid turnover of plasma NEFA indicates that they are an important fuel
even in non-fasting conditions and represent an energy source to body tissues equivalent to or greater than glucose. Early data on the role of NEFA in glucose homeostasis
were reviewed in 1969 by Ruderman and coworkers [36]. The importance of NEFA in
the regulation of gluconeogenesis was extensively dealt with, but no clear pathogenic
conclusion with relation to major diabetes perturbations emerged.
Significantly, Zierler and Rabinowitz [37] showed, in 1964, that infusion of a
very small amount of insulin through the brachial artery in human forearm leads
to a significant decrease in plasma NEFA concentrations without any concomitant
effect on glucose uptake. Consequently, the restraint of NEFA release from adipose tissue is the most sensitive action of insulin compared with other insulin effects. The lack of restraint of NEFA mobilization in hypoinsulinemic states during pathogenesis of NIDDM leads to a marked plasma NEFA increase, ectopic deposition of TAG and insulin resistance with regard to non-oxidative as well as oxidative glucose metabolism. The latter fact stresses the negative effect of excessive
availability of NEFA in the short term on insulin-mediated glucose utilization in
muscle, as shown by Randle and coworkers [38, 39]. It involves a reduction of
muscle glycolysis by inhibiting phosphofructokinase in course of elevated cytosolic concentrations of citrate and consequent accumulation of glucose-6-phosphate.
Pyruvate dehydrogenase is also inhibited by rising mitochondrial concentrations
of acetyl-CoA and NADH. In the liver the same changes in redox ratio and activation of pyruvate carboxylase by acetyl-CoA result in stimulation of gluconeogenesis. This mechanism links acute NEFA oversupply to impaired glucose tolerance
or hyperglycemia in the developing or frank NIDDM, respectively.
Moreover, the increased plasma NEFA concentration in NIDDM patients [40] provides substrate for VLDL production by the liver (see above), which is manifested as
hypertriglyceridemia [41]. Thus, drugs with the potential of lowering NEFA levels
[42] may reduce hepatic VLDL production, improve glucose tolerance and counteract lipotoxicity and therefore be useful for anti-diabetic therapy. The generation
and careful analysis of transgenic and knockout animals has aided insight into
the recognised but partly misunderstood participation of cellular lipid metabolism
in energy homeostasis. Numerous mouse models with disruptions in pathways relevant to FA as well as TAG storage and mobilization have been generated with dysregulated circulation of FA in the bloodstream as non-esterified molecules, bound to
albumin, or in the core of lipoproteins, such as VLDL (see below).
Because of its role in FA mobilization, HSL is among the candidates for such dysregulation, and, furthermore, HSL has been suggested as a target for the development of new antidiabetic drugs. In adipocytes from elderly male subjects with several manifestations of the metabolic syndrome, a marked change in the lipolytic response toward noradrenaline due to dysregulation in the number of bAR was observed [43]. In addition, the maximum lipolytic effects of isoproterenol, forskolin
and dibutyryl cyclic AMP were also considerably altered, suggesting modifications
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at the level of the cAMP-dependent regulation of HSL activity [43]. However, more
recently, HSL activity measured in vitro was found not to differ significantly between
patients suffering from the metabolic syndrome and healthy subjects [44].
With regard to genetic studies, a polymorphism in exon 4 of the HSL gene,
changing an arginine to a cysteine, showed no difference in allele frequency between NIDDM patients and healthy subjects [45]. In another study, a polymorphic
marker in intron 7 of the human HSL gene showed a significant difference in allele frequency distribution between NIDDM patients, in particular abdominally
obese NIDDM patients with the metabolic syndrome, and control subjects [46].
Although in agreement with another study, showing positive association between
a different polymorphic marker in the HSL gene and NIDDM [47], transmission
disequilibrium tests suggested linkage disequilibrium between the HSL gene marker and an allele or gene that increases susceptibility to abdominal obesity and thereby possibly NIDDM [46]. In conclusion, although most available data seem to argue
against a direct involvement of genetic HSL aberrations in the development of the
metabolic syndrome/NIDDM, clarification requires more studies.

11.1.3.2

Lipotoxicity

In the last decade the deleterious effects of the deposition of TAG in non-adipose
tissues during long-term elevations of plasma NEFA have been widely acknowledged. Whereas adipocytes have a unique capacity to store excess FA in the form
of TAG in LD, non-adipose tissues, such as cardiac and skeletal muscle myocytes
and pancreatic b-cells, have a limited capacity for storage of TAG. In hyperhyperlipidemic states, accumulation of excess TAG in non-adipose tissues leads to cell
dysfunction and/or cell death, a phenomenon known as lipotoxicity and lipoapoptosis, respectively. Excess lipid accumulation in skeletal muscle is associated with
the development of insulin resistance [48].

b-Cells
The “lipotoxic” consequences of excessive FA release from adipose tissue for pancreatic b-cells have been described in a provocative report by Unger and colleagues
[49]. Abnormal b-cell function and insulin resistance are the major characteristics in
the pathogenesis of NIDDM. Lipotoxicity was proposed as an attractive concept to
explain parallel developments in the impairment of insulin signaling and b-cell function [49–52]. Before the onset of overt NIDDM, insulin resistance is closely associated
with b-cell dysfunction characterized by b-cell hyperplasia and insulin hypersecretion. During further progression of the disease, however, the b-cell can no longer
compensate for peripheral insulin resistance and declines in its function. From animal models of obesity-linked NIDDM, such as the obese and insulin-resistant Zucker
rats, as well as Psammomys obesus, both impairment of insulin secretion linked to
intracellular fat deposition [53] and loss of cell mass by FA-induced apoptotic cell
death contribute to the development of relative insulinopenia [54]. Exposure of
11.1.3.2.1
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NEFA has cytostatic and proapoptotic effects on human pancreatic b-cells [55]. Lipid
overload in pancreatic b-cells also leads to dysregulated insulin secretion [56, 57] followed by apoptotic cell death [58]. Furthermore, human autopsy studies show a relative reduction of b-cell mass in patients with NIDDM compared with weightmatched non-diabetic subjects [59, 60]. These findings support the idea that, in genetically predisposed human subjects, prolonged exposure to elevated NEFA may
contribute to b-cell death and development/progression of NIDDM. The intracellular signaling pathways for FA-induced b-cell apoptosis are incompletely understood.
Different mechanisms for lipoapoptosis, such as increased ceramide formation, mitochondrial cytochrome c release, and nitric oxide generation, have been suggested
[54, 61, 62]. Furthermore, in different cell types the FA-dependent signaling process
might involve activation of different protein kinases C isoforms [63, 64]. However, the
exact role of PKC isoforms in FA-induced apoptosis has not been defined (see below).
TAG storage and lipolysis in the pancreatic b-cell may play a dual role. First, by way
of storage, as a protective mechanism against the toxic effects of excess NEFA, and
second by way of lipolysis to provide a signal (FA, DAG) that participates in the stimulus/secretion-coupling which regulates acute insulin release [65, 66]. With regard to
the latter function, islets depleted of TAG show an abrogated stimulation of insulin
release by glucose [67]. HSL may balance TAG storage and TAG mobilization in pancreatic b-cells, and, thus, via PKA, provide a critical link in the stimulus/secretioncoupling response [4]. HSL is predominantly expressed in pancreatic islets as a
3.1 kb mRNA encoding an *89 kDa isoform containing an additional 43 aa N-terminal to the adipocyte form of the protein, as well as the 2.8 kB mRNA encoding the
84 kDa adipocyte form [4]. HSL immunoreactivity in islets is detected primarily in bcells, but some HSL is also observed in a-cells [4, 68]. Long-term incubation of b-cells
or islets with high concentrations of glucose increases HSL mRNA and protein expression, as well as HSL activity [69]. This induction of HSL expression appears to be
regulated transcriptionally and to depend on the metabolism of glucose. Treatment of
ob/ob mice with leptin increased HSL expression in islets, along with a decrease in
islet TAG content and an improvement in insulin secretion [70]. HSL is definitely
functional in islets, since islet TAG content is increased 2–2.5-fold in HSL null mice
compared with wild-type mice [69]. These observations together with studies on insulin release in HSL null mice upon glucose challenge [71] suggest that HSL might
be important in glucose-induced insulin secretion and are consistent with the current view that FA metabolites are critical for insulin secretion, but that excessive
NEFA can lead to lipotoxicity and dysfunction of b-cells [33]. The exact function of
HSL in insulin secretion from b-cells awaits further study.

Cardiac Myocytes
Endogenous myocardial TAG can provide a substantial proportion of the FA oxidative demands of the working rat heart [72], especially in acute NIDDM [73]. However,
in these situations the myocardial TAG content does not seem to decline, suggesting
continuous synthesis from plasma NEFA [74]. These metabolic requirements are
met by an extremely high lipolytic turnover of myocardial TAG, amounting to ap11.1.3.2.2
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proximately 1 pool h–1 [75]. By contrast, hepatic and adipose tissue TAG have turnover rates of approximately 0.04 and 0.004 pool h–1, respectively [76, 77]. Similar to
the liver, this extensive recycling between myocardial TAG and its lipolytic products
might occur in a pool that is physically separated from that involved in de novo TAG
synthesis from exogenous FA [69]. This compartmentation implies two separate intracellular sites of DGAT activity in heart muscle. Whether these are the products of
distinct genes remains an open question.
Cardiomyocytes are known to express HSL [68, 78, 79; see below] and the hormone-responsiveness of myocardial lipolysis suggests that HSL is probably responsible. In addition, the heart can synthesize and secrete apoB-containing lipoproteins [3]. If, as apparently with the liver, endogenous TAG is mobilized for lipoprotein assembly via a lipolytic event the question arises: can HSL fulfil this function in the heart or is another lipase involved in a mechanism identical to that in
the liver? It has been proposed that mobilization of endogenous cardiac TAG for
lipoprotein secretion provides the heart with a safety valve to dispose of excess lipid [3] and thus protects against lipotoxicity [65]. Lipoapoptosis observed in the
heart leads to the development of heart failure [80, 81]. If, as apparently with skeletal muscle [82], excess TAG accumulation plays a role in insulin resistance, lipoprotein secretion may enable cardiac muscle insulin sensitivity in the face of an
excessive flux of FA.

Molecular Mechanisms
In various experimental systems, saturated and unsaturated FA differ in their contributions to lipotoxicity. Previous studies in CHO cells [83], cardiac myocytes [84],
pancreatic b-cells [85, 86], breast cancer cell lines [87], and hematopoietic precursor cell lines [88] suggest that lipotoxicity from the accumulation of long-chain FA
is specific for saturated FA. This selectivity has been attributed to the generation
of specific proapoptotic lipid species or signaling molecules in response to saturated but not unsaturated FA. The nature of such signals may differ across cell
types, but includes reactive oxygen species generation [83], de novo ceramide synthesis [89], nitric oxide generation [90], decreases in PI3K [87], primary effects on
mitochondrial structure and function [91] and suppression of anti-apoptotic factors, such as BclII [92].
A recent study [93] provided evidence that the differential toxicity of these FA is
directly related to their ability to promote TAG accumulation. It was demonstrated
that exogenous or endogenously generated unsaturated FA rescue palmitate-induced apoptosis by promoting palmitate incorporation into TAG. Moreover, unsaturated as well as saturated long-chain FA were toxic in cells with impaired TAG synthetic capacity (e.g. lack of DGAT activity) [91]. In vivo, TAG accumulation and storage in non-adipose tissues may occur in the setting of mismatch between cellular FA
influx and FA utilization. TAG accumulation in non-adipose cells provoked by either
enhanced synthesis or impaired mobilization in response to acute FA overload may
represent an initial cellular defense mechanism against lipotoxicity. Consequently,
accumulation of TAG in non-adipose tissues probably serves as a barometer of the
11.1.3.2.3
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FA overload state in human disorders such as hyperlipidemia and lipodystrophies,
and in animal models such as the Zucker (diabetic) fatty rat or the ob/ob mouse.
Accumulation of cellular TAG per se does not seem to be toxic, at least initially.
Rather, storage of excess FA in TAG pools of “inert” LD probably diverts these molecules from pathways that lead to cellular dysfunction and/or cytotoxicity and may
thus serve as a buffer against lipotoxicity. In pathologic states, lipotoxicity may occur
over time, despite TAG accumulation and storage, when either the cellular capacity
for TAG storage is exceeded or when TAG pools are hydrolyzed (during HSL action),
resulting in increased cellular NEFA levels. Thus, the duration and extent of TAG
overload in conjunction with (regulation of) TAG storage and mobilization may determine whether a cell is protected or damaged.
This mechanism may also underlie the FA-induced apoptosis in rat and human
pancreatic b-cells. Chronic treatment with high physiological levels of saturated
FA, but not with mono- or polyunsaturated FA, triggers apoptosis in about 20%
of cultured b-cells [94]. Apoptosis restricted to saturated FA was also observed in
primary cultured human b-cells, suggesting that this mechanism is potentially relevant in vivo in humans. Apoptosis was accompanied by a rapid nuclear translocation of protein kinase C-d (PKC-d) and subsequent lamin B1 disassembly. This
translocation was impaired by inhibition of phospholipase C, which also considerably reduced apoptosis. Furthermore, lamin B1 disassembly and apoptosis were
decreased by cell transfection with a dominant-negative mutant form of PKC-d
[94]. These data suggest that nuclear translocation and kinase activity of PKC-d are
both necessary for saturated FA-induced lipoapoptosis. In analogy to recent findings with CHO cells [93], it is conceivable that in b-cells accumulation of DAG
generated by phospholipase C action and the resulting activation of PKC-d can be
prevented by conversion of DAG into and storage as TAG via an ill-defined regulatory process of DAG acylation that is stimulated by unsaturated FA.

11.1.3.3

Inborn Errors of TAG Storage and Metabolism

Several distinct abnormalities of intracellular TAG mobilization and transfer occur
which manifest themselves in rare inherited metabolic disorders, such as Wolman’s disease (WD) and neutral lipid storage disease (NLSD). The former arises
from an inherited deficiency of lysosomal acid lipase (LAL) and causes a massive
increase in neutral lipids due to an inability of tissues to degrade exogenous lipoprotein-derived TAG and cholesterylester. However, the metabolism of endogenously derived TAG is unaffected [95, 96]. The disease is characterized by hepatomegaly, maladsorption, steatorrhea and abdominal distension [96]. The human enzyme amino acid sequence has been deduced from cDNA [97, 98], and the mutation has been identified in a rat model of WD through cloning of rat lysosomal
acid lipase cDNA [99]. In a sense, WD is a consequence of defective lipolytic
transfer of exogenous TAG into normal storage pools.
NLSD is characterized by muscular weakness, ichthyosis, neuropathy and multisystemic TAG storage [100, 101]. Unlike WD, this disease is accompanied by mas-
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sive accumulation of TAG in the cytosol of many cell types, including hepatocytes
[102, 103]. LAL is unaffected. The defect results from an abnormality in the processing of cytosolic TAG derived from both endogenous synthesis and exogenous
sources [95, 100]. Despite some unexplained observations, it had long been assumed that the abnormality was caused by a defective cytosolic TAG lipase system. However, since DAG derived from stored TAG may serve as a precursor for
phospholipid biosynthesis, it has since been suggested that lipase activity is normal in NLSD, but that transfer of the FA and AG products into phospholipid is
impaired. Thus, the accumulating AG is reacylated and cycled back to the cytosolic TAG pool [104, 105]. If true, this suggests that, under normal conditions, FA
flux from TAG to phospholipids is very large indeed and that this route may provide a large proportion of total cellular phospholipid. However, phospholipid synthesis de novo from newly acquired FA is not impaired in NLSD [106]. Of the
many reports of TAG-phospholipid interactions, including those which may be involved in the mobilization of lipids for hepatic synthesis of VLDL [77, 106, 107],
of particular interest here is the recently proposed role of phosphatidic acid, a
product of the phospholipase D-mediated lipolysis of phosphatidylcholine, in the
bulk lipid addition step of VLDL assembly [108]. Phosphatidic acid is, of course, a
precursor of TAG and this may provide a metabolic route for the transfer of phospholipid-derived FA into TAG of VLDL [107].
On the above view, NLSD is primarily a disease of defective phospholipid metabolism and the TAG-derived route of phospholipid biosynthesis is essential for the
normal functioning of skin, muscle, liver, and the central nervous system. Further
studies on the fatty liver dystrophic mouse which bears a close resemblance to human NLSD [103] may identify the defective gene. Defective neutral phospholipid
metabolism in this mouse model is reflected by a decreased phospholipid content
of peripheral nerve myelin [109]. The nature of the lipase(s) involved in normal
TAG-to-phospholipid acyltransfer has not been characterized, but may be similar
to a previously described microsomal neutral lipase [110] or to a carboxylesterase
[111].

11.2

Components for TAG Storage and Mobilization
11.2.1

TAG in Lipoproteins

Homozygous VLDL receptor knockout mice are resistant to both genetic and dietinduced obesity caused by a decreased peripheral and whole-body uptake of NEFA
with no alterations in either food intake or fat absorption [112]. The reduction in
adipocyte TAG storage as shown by a decreased average fat cell size in VLDL receptor-deficient rodents implies an impaired FA delivery to adipose tissue in the
absence of this lipoprotein receptor. Analogously, hepatic overexpression of hu-
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man apolipoprotein C-I leads to hyperlipidemia accompanied by decreased visceral fat depots and lack of subcutaneous WAT in mice [113]. Conversely, overexpression of apoA-II, the second most abundant HDL component, increases adiposity
and insulin resistance in relation to decreased skeletal muscle glucose utilization
[114]. In the capillaries of skeletal muscle and adipose tissue at the luminal face
of endothelial cells, LPL catalyses the rate-limiting step in the hydrolysis of TAG
from circulating VLDL and chylomicrons. Thus LPL plays an important role in directing fat partitioning. In fact, complete LPL deficiency in mice results in minimal amounts of tissue lipids, leading to neonatal death due to marked hypoglycemia and hypertriglyceridemia [115]. In heterozygotes only mild hypertriglyceridemia with impaired LDL clearance and mild hyperinsulinemia accompanied by an
approximately 20% decrease in fasting glucose concentrations were observed. Exclusive LPL deficiency in adipose tissue on a standard genetic background leads to
normal growth and body composition. This implies that, although LPL controls
FA entry into adipose tissue, fat mass is preserved by endogenous FA synthesis
[116]. When the same lack of LPL in adipose tissue is generated on an ob/ob
background a diminished weight gain is attained due to an impaired lipid accumulation in adipocytes. Conversely, targeted overexpression of LPL in skeletal
muscle or liver has no effect on body weight, but produces an increase in FA uptake into the respective tissue that adversely affects glucose metabolism [117].

11.2.2

TAG in Adipose Cells

Adipocytes, which vary enormously in size (20–200 lm in diameter), are embedded in a connective tissue matrix and are uniquely adapted to store and mobilize energy as TAG and NEFA/glycerol, respectively. Surplus energy is assimilated
by fat cells and stored as TAG in LD. To accommodate the TAG, adipocytes can
change their diameter up to 20-fold and their volumes by several hundred-fold.
Because ~90% of the cell volume is constituted by LD(s), the nucleus and the thin
cytoplasm rim are pushed to the periphery of the adipocytes. WAT is actively involved in cell function regulation through a complex network of endocrine, paracrine and autocrine signals that influence the response of many tissues, including
hypothalamus, pancreas, liver, skeletal muscle and others. Until recently, adipocytes were seen as passive tissues for the storage of excess energy as TAG [118].
However, they clearly act as endocrine secretory cells [118, 119], releasing in constitutive or regulated fashion several hormones (e.g. leptin), growth factors
(TGFb), cytokines (e.g. TNF-a) and other factors (e.g. ASP) which act as feedback
signals for the adipose tissue itself or other tissues. Adipose tissue signaling pathways, arranged in a hierarchical fashion, constitute one of the voices of the body
that enable the organism to adapt to a range of metabolic challenges, such as starvation, stress, and infection, as well as periods of energy excess.
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11.2.2.1

Enzymes of TAG Synthesis

Accumulating evidence for important functions of enzymes involved in lipid synthesis and its control has been obtained through targeted disruption in rodent
models of the corresponding genes (Fig. 11.2). However, direct links between abnormal expression or genetic variants and human disorders, such as obesity, hyperlipidemia, insulin resistance, and NIDDM await further clarification. Glycerol3-phosphate dehydrogenase (GPDH) is a ubiquitously expressed enzyme that participates in TAG synthesis and in shuttling NADH into mitochondria for oxidative
metabolism. Transgenic mice overexpressing GPDH show a normal body weight
but with an increased interscapular brown fat depot and virtually no WAT [120].
Conversely, animals lacking mitochondrial GPDH show a decreased body weight
compared with wild-type mice with no reported effect on adipose tissue depots
but a marked insulin release defect when the malate-aspartate shuttle is blocked.
This indicates an important role of the NADH shuttle or glycerol phosphate system in glucose-induced activation of mitochondrial metabolism and insulin secretion [121]. Therefore, the two mouse models with altered expression of GPDH
provide evidence for an involvement of this enzyme in lipogenesis and WAT development as well as in the regulation of the glycolytic pathway.
Malonyl-CoA is a key metabolite generated by acetyl-CoA carboxylases, ACC1
and ACC2, which plays a pivotal role in linking FA and carbohydrate metabolism
through regulation of FA synthesis and oxidation, respectively, in response to hormonal and dietary influences. ACC1 is highly expressed in the cytosol of adipocytes and hepatocytes (Fig. 11.2), while ACC2 is attached to the outer face of mitochondria and is predominantly expressed in skeletal muscle and heart. The roles
of the carboxylases in energy homeostasis in lipogenic and non-lipogenic tissues
have deciphered by the generation of ACC2–/– mice [122]. In comparison with
wild-type mice controls, mutant mice had a 30% higher fatty oxidation rate and
accumulated 50% less lipid in their adipose depots. Mutants, however, had a normal growth rate despite consuming 20 to 30% more food than the control mice
[122].
The synthesis of TAG and glycerophospholipids starts with the acylation of glycerol-3-phosphate by glycerol-3-phosphate acyltransferase (GPAT) to form lysophosphatidic acid (Fig. 11.2). Mammals have two isoforms of the enzyme, located
in the outer mitochondrial membrane (mtGPAT) and the ER (microsomal GPAT).
mtGPAT–/– mice have reportedly reduced weight and fat pad mass accompanied
by lower liver and plasma TAG, together with lower VLDL secretion rate and an
altered glycerolipid FA composition [123].
The final step in TAG synthesis occurs by the action of acyl-CoA : diacylglycerol
acyltransferase (DGAT) with DAG and fatty acyl-CoA as substrates (Fig. 11.2).
DGAT is assumed to be a microsomal enzyme. The membrane-bound enzyme
has been only partially purified from rat liver microsomes [124]. Cases and coworkers [125] have identified a mouse cDNA encoding DGAT and, in addition, an
expressed sequence tag clone that shared regions of similarity with acylCoA : cholesterol acyltransferase, an enzyme that also uses fatty acyl-CoA as a sub-
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Fig. 11.2 Schematic model for the main signaling and metabolic pathways coupling hormonal stimuli and NEFA to (regulated) TAG
synthesis, storage and mobilization in adipo-

cytes. PKA-dependent phosphorylation is depicted as filled circles. See text for details.
Adapted from Ref. [119] with modifications.

strate [126]. Expression of this mouse cDNA in insect cells resulted in high levels of
DGAT activity in cell membranes whereas the activity of other acyltransferases was
unaffected. During differentiation of NIH 3T3-L1 cells into adipocytes, the expression of the gene, now referred to as DGAT2, increased markedly in parallel with
an increase in DGAT activity [127]. Smith and coworkers reported that DGAT1-deficient mice exhibit altered TAG metabolism but are still viable and reach a normal
body weight on a standard chow diet although with an approximately 50% reduction
in fat mass, adipocyte size and leptinemia [127]. In addition, after a glucose load
DGAT1-deficient rodents have a decreased plasma glucose response, consistent
with an increased insulin sensitivity that correlates with a diminished muscular
and hepatic TAG content [117]. Surprisingly, DGAT1 deficiency has no effect on plasma TAG and NEFA, probably due to compensation by DGAT2 or alternative pathways for the conversion of DAG into TAG [121]. DGAT1–/– mice, however, are resistant to diet-induced obesity, which is related to an increased energy expenditure of
increased lean body mass or changes in cold-induced thermogenesis [127].

245

246

11 Physiological and Pharmacological Regulation of Triacylglycerol Storage and Mobilization

11.2.2.2

Lipid Droplets

Morphology and Lipid Composition
In different types of mammalian cells, intracellular lipids are stored in discrete
LD. White adipocytes have only one or a few large TAG-rich LD (10–100 lm diameter) per cell [128]. Brown adipocytes, which occur in some hibernating animals and the fetuses/neonates of many mammals, contain many smaller storage
LD (2–10 lm diameter). Small LD (< 1 lm) are also present in various other cells
such as liver, muscle, kidney, intestine and mammary gland [129, 130], cultured
lines such as 3T3-L1 fibroblasts, CHO cells [131], melanocytes, cultured pulmonary epithelial cells, various animal tissues [132] and macrophages [133]. Other
cells, such as cultured HepG2 hepatoma cells [131] and primary lung lipofibroblasts may contain LD up to 2–3 lm in diameter. Cholesterylester-rich LD are contained in steroidogenic cells of adrenal cortex, testes and ovary [134–136].
Among the first reports on the composition of LD in mammalian cells, of the
1960s. Jensen and Kofod [137] described LD from bovine heart with a high content of TAG and a small amount of protein. Membrane-bound LD of rat liver,
which consist mainly of neutral lipids [138], and a lipid-rich fraction of pig liver,
which mainly contains TAG [139], were isolated and characterized. Angel [140] described liposome particles that were regarded as the metabolically active lipid pool
in adipose tissue. Further investigations revealed that the composition of cellular
LD varies depending on the cell type. LD from bovine heart have similarities to
the fat globule of bovine milk in structure and, to a certain extent, in chemical
composition [141]. Under electron microscopy, bovine heart LD appear as irregular bodies 0.5–2 lm in diameter. Occasionally, a few larger particles (5–8 lm in
diameter) were detected as distinct structures without indication of fusion. They
consist of a core of TAG surrounded by a phospholipid monolayer with some proteins attached to the surface.
Approximately 95% of total lipids of LD from bovine heart are constituted by
TAG. The amount of protein present in these LD is about 5% of total mass, and
the amount of phospholipids varies from 3 to 7% of total lipid. The major phospholipids forming the monolayer of these LD are phosphatidylcholine (ca. 50%)
and phosphatidylethanolamine (30–40%). The NEFA content is very low. The
chemical composition of LD in beef heart with their high TAG content and the
rather small amount of phospholipids resembles the composition of chylomicrons. A striking difference, however, is the lack of cholesterol and cholesterylesters in LD from beef heart whereas these lipid species occur at approximately 1–
2% of total lipid in chylomicrons. Furthermore, the protein content of LD is two
to three times higher than of chylomicrons. In contrast to bovine heart LD, those
of stellate cells from the rat liver consist of retinylesters, TAG, free cholesterol and
a small amount of phospholipids [142]. A general characteristic of LD regardless
of the cell type appears to be the content of approximately 5% phospholipids of
the total mass (reviewed in Ref. [143]).
However, electron microscopy of conventional resin-embedded ultrathin sections
cannot visualize any membranous structure around the LD. In the ultrathin section
11.2.2.2.1
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of specimens fixed by aldehydes and then by osmium tetroxide there appears to be
no LD, and its periphery is usually seen as a thin intermittent line. In many diagrams, the LD surface has been depicted as a phospholipid monolayer with the hydrophilic head-group facing the cytoplasm and the hydrophobic acyl chains extending into the LD content [144, 145]. It has also been assumed that LD form by accumulation of TAG between the two leaflets of the ER membrane because hydrophobic
TAG molecules may exist stably in the aqueous cytoplasm only when covered with
amphiphilic molecules with the hydrophilic moiety facing outward. However, experimental evidence to support the above assumptions is scarce. Only freeze-fracture
electron microscopy showed that the fracture plane along the LD surface is occasionally continuous with the cytoplasmic leaflet of the ER membrane [146, 147]. Because
it is difficult to retain lipid-rich structures by conventional morphological methods,
cryoelectron microscopy is of advantage since it observes biological specimens at
atomic resolution without fixation or staining. The microscopy showed that the
LD surface is indeed a hemi-membrane, or a phospholipid monolayer [147].
A phospholipid monolayer in the surface is consistent with the current model
that LD are formed by TAG deposition between the two leaflets of the ER membrane and may remain connected to it [144, 145; see below]. Distribution of acylCoA : cholesterol acyltransferase-1, a major enzyme that synthesizes cholesterylester, in the entire ER [148] seems to indicate that LD may bud anywhere along the
membrane. However, Cap-LC/ESI mass spectrometry showed that FA moieties of
phosphatidylcholine and lyso-phosphatidylcholine in LD are distinct from those in
the rough ER [149]. The results do rule out the generation of the LD surface generated from the ER membrane but indicate that the former is a highly differentiated domain. Mature LD might be independent of the ER. Alternatively, the LD
may be connected to the ER, but some molecular mechanism may demarcate the
LD surface from the bulk ER membrane as postulated for other ER domains
[150]. Whatever is true, TAG synthesized in wide areas of the ER do not deposit
indiscriminately but are concentrated to loci specialized to make LD. ADRP or
other LD-associated proteins may be involved (see below).
Cap-LC/ESI mass spectrometry has also shown that the LD surface differs from
the detergent-insoluble glycolipid- and sphingolipid/cholesterol-rich microdomains
(DIGs) in FA composition [149]. Interestingly, DIGs contain a higher proportion
of long saturated FA than rough ER, whereas LD do not. This indicates that not
only interaction between sphingolipids and cholesterol but also interaction between saturated phospholipids and cholesterol are important in forming DIGs, as
predicted from model membrane studies [151]. The discovery of caveolin sequestration (see below) led to speculation that the LD surface might be similar to
DIGs [152]. However, the present results do not support this in terms of the FA
composition. Furthermore, thin-layer chromatography showed that the relative
amount of sphingomyelin and free cholesterol in comparison with phosphatidylcholine is far less in LD than in DIGs. In addition to the ER, the LD of mammalian cells seem to be closely associated with other organelles. Christiansen and
Jensen [141] described a close association of LD of beef heart with mitochondria,
suggesting a role of the LD as a source for FA utilized for energy production by mi-
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tochondrial b-oxidation. Franke and coworkers [153] detected cytoskeletal intermediate filament proteins, particularly vimentin, forming a network in the vicinity of LD.
The interaction of intermediate filaments and LD was confirmed by transmission
electron microscopy [154] and field-emission scanning electron microscopy [155].

11.2.2.2.2

Protein Composition

Perilipins Little is known about proteins on the surface of mammalian intracellular LD. Two groups of proteins whose association with LD in animal cells is well
documented are the perilipins and adipocyte differentiation related protein
(ADRP) (reviewed in Ref. [156]). The human ortholog of ADRP has been termed
adipophilon [157]. Other proteins at or near the surface of the LD of adipocytes include the “capsular” proteins [158–160] and vimentin [153, 161]. Furthermore, certain enzymes, e.g. eicosanoid-forming enzymes, associate with LD in various
types of cells [162–164].
Perilipins belong to a family of polypeptides that are expressed in adipocytes
[165–168] and steroidogenic cells of adrenal cortex, testes and ovary [166]. Greenberg and coworkers [165] isolated two related classes of full-length cDNAs that encode perilipins A and B from rat adipocyte cDNA expression library. Perilipin A
and B, 56 kDa (517 aa) and 46 kDa, respectively, share a common amino-terminal
sequence of 406 aa. Similar to adipocytes, steroidogenic cells express perilipin A,
but these cells also contain relatively high amounts of perilipin C, a protein of ca.
42 kDa that is not detectable in adipocytes [167]. Perilipins are encoded by a single copy gene that gives rise to the three protein isoforms by alternative mRNA
splicing with perilipin A being the most abundant. In murine adipocytes a forth
perilipin, named perilipin D, occurs at the mRNA level. The perilipin D polypeptide, however, has not yet been reported [169]. Perilipins exhibit sequence similarity to a few other proteins, one of which is ADRP. The amino-termini of perilipin
and ADRP are highly homologous at a region of ca. 100 aa. ADRP was first identified during a search for genes being expressed in an early stage of differentiation of murine adipocytes in culture [170]. The mRNA of ADRP is present in various tissues and cultured cell lines. Immunocytochemical examination revealed
that ADRP localizes to LD in murine 3T3-L1 adipocytes, murine MA-10 Leydig
cells, CHO fibroblasts and human HepG2 hepatoma cells [167]. In MA-10 Leydig
cells ADRP and perilipins co-localize to LD. In 3T3-L1 adipocytes the two proteins
were found on small LD although at different stages of differentiation [163].
ADRP is present on these LD in early differentiated adipocytes and is then replaced by perilipins, which can only be found on the surface of the LD at a later
growth stage. It was suggested that ADRP is involved in the management of TAG
stores in non-adipose tissues. Interestingly, recently, ADRP was found to co-localize with insulin and at the LD surface in human islet cells [171]. Incubation with
glucose or FA alone and a combination of glucose and FA increased ADRP expression by 2- and 10-fold, respectively. Oleate induced ADRP expression more potently than palmitate, which correlated with higher levels of neutral lipid accumu-

11.2 Components for TAG Storage and Mobilization

lation by islets. Consistent with increased ADRP expression the initial uptake rate
of FA in islet cells was elevated in islet cells treated with FA plus glucose compared with control cells. In addition, ADRP expression is considerably increased
in ob/ob mice islets and its upregulation is tightly correlated with TAG accumulation in islets, demonstrating an inverse relationship with impairment of b-cell
function [171]. Thus, ADRP may play a role in regulating TAG metabolism also
in b-cells and, in particular, be involved in the loss of b-cell function during the
pathogenesis of NIDDM.
A cDNA of another protein, named TIP47 or pp17, which has similarity to ADRP
has also been described [157, 172]. TIP47/pp17 is a cargo protein involved in the
trafficking of the mannose-6-phosphate receptor between endosomes and the Golgi
network. Perilipin A, ADRP and TIP47/pp17 exhibit strong sequence homology at
their amino-terminal regions. Starting from the amino terminus, perilipin A contains a sequence of 105 aa similar to adipophilin and TIP47 (aa 17–121), five 10aa domains with amphipathic b-pleated sheet character (between aa 11 and 182),
three sequences of moderate hydrophobicity (aa 243–260, 320–342, 349–364), a
highly acidic region (aa 291–318), and six consensus sites for PKA phosphorylation. Two such hydrophobic regions and three areas of amphipathic b-pleated sheet
structure were detected in ADRP [157]. A protein named S3-12 is also highly homologous to ADRP in a 33-aa repeated sequence [173]. The mRNAs of perilipins, ADRP
and S3-12 are expressed much higher in adipose than in other tissues. It was suggested that lipids regulate transcription of perilipin mRNA, because the amount
of perilipin mRNA and the corresponding protein increase in the presence of exogenous lipids. In analogy, formation of the mRNA of ADRP and protein expression in
pre-adipocytes was also shown to be stimulated by FA in a time- and dose-dependent
way [174]. Stimulation could be only achieved by long-chain FA whereas the degree
of saturation had no influence. Treatment of such stimulated cells with actinomycin
D inhibited the expression of ADRP, suggesting that FA stimulate the gene expression at the transcriptional level. Recently, Henry and coworkers studied the protein
expression of perilipin and ADRP in human muscle in greater detail [175]. Perilipin
was detectable in biopsies of vastus lateralis muscle (VLM) only at levels consistent
with adipocyte infiltration. ADRP was highly expressed in VLM, irrespective of
whether derived from obese non-diabetic or diabetic subjects. Weight loss of the latter led to increased whole-body insulin sensitivity and ADRP content in VLM. Treatment of the obese non-diabetic subjects with either troglitazone or metformin in
combination with glibenclamide considerably improved the glycemic control, as reflected in lowering of HbA1c and plasma fasting TAG levels, which was well correlated to post-treatment increases in ADRP expression in VLM [175]. These results
demonstrate that ADRP is the predominant LD-associated protein in VLM and that
its expression is up-regulated under conditions of improved glucose tolerance. It is
tempting to speculate that increased expression of ADRP may act to sequester FA in
TAG of LD contained in skeletal muscle and thereby protects the muscle from the
inhibitory (“lipotoxic”, see above) effects of FA (or derivatives thereof) on insulin signaling and action. In consequence, this study provided additional evidence that TAG
in LD represents the “benign” storage form of FA and accumulates during overfeed-
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ing of myocytes and b-cells with FA, which is compatible rather than interferes with
insulin action and secretion, at least up to a certain extent of LD deposition.
Perilipins remain tightly bound to LD through alkaline carbonate or urea wash
conditions, and require detergents to remove them. Stable expression of perlipin
A in 3T3-L1 fibroblasts and subsequent immunofluorescence microscopy and immunoblotting revealed that neither the amino- nor the carboxyl-terminus is required to target perilipin A to LD [176]. Full-length perilipin A is associated with
LD via hydrophobic interactions, as shown by the persistence of perilipins on LD
after centrifugation through alkaline carbonate solution. Mutagenesis studies indicate that the signals responsible for tight anchoring of perilipin A to LD are, most
probably, multiple, partially redundant targeting sequences of moderately hydrophobic amino acids located within the 25% of the central domain. These signals
seem to be, at least in part, constituted by the three regions of moderate hydrophobic character and the five domains with characteristics of amphipathic bpleated sheets [176]. Cytochemical analysis by immunogold labeling suggests that
the perlipins are located on or within the limiting surface of the LD [146].
Adipophilin Adipophilin (ADPH) is a prominent LD-associated protein found in
many mammalian cell types, including hepatocytes, adipocytes, muscle cells, and
mammary epithelial cells, either during development [131] or in the mature functioning cell [131, 132, 157]. ADPH has proposed functions in LD formation [177],
FA transport [177], and milk lipid secretion [178, 179]. Although it can be detected
at the plasma membrane in mammary epithelial cells as a result of milk globule
secretion [179], the weight of evidence suggests that ADPH specifically targets LD.
However, little is known about the structural and biochemical properties involved
in its association with LD or how it accomplishes its biological functions. Genetic
analysis [180, 181] has demonstrated that ADPH is related to the family of LD-associated proteins that include perilipin (see above) and the mannose-6-phosphate
receptor targeting protein TIP47, through a conserved region in their amino-termini, called the “PAT” domain (perilipin, ADPH, TIP47). The lack of significant
sequence conservation outside this region indicated that it is an important determinant in the association of these proteins with LD [180]. However, a recent study
revealed that neither the PAT domain nor the carboxy-terminal half of ADPH is
required for efficient targeting to or biogenesis of LD [182], but that, nevertheless,
specific regions located elsewhere within ADPH are responsible for LD targeting.
Previous work indicates that secretion of LD from mammary epithelial cells during lactation involves the formation of a tripartite complex between ADPH, the
mammary-specific transmembrane protein, butyrophilin, and xanthine oxidoreductase [179]. As formation of such a complex probably involves regions of ADPH
distinct from those involved in LD targeting, the PAT domain or the carboxy-terminal half of ADPH may represent candidate regions for interaction with butyrophilin and/or xanthine oxidoreductase to trigger LD secretion.
Caveolins In primary and cultured adipose cells, caveolin-1 and caveolin-2 constitute a framework of caveolae that represent bulb-shaped plasma membrane invagi-
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nations (50–100 nm in size) enriched in cholesterol, (glyco)sphingolipids (sphingomyelin) as well as glycolipids (gangliosides, GPI lipids) and harboring a special set of
(dually acylated) signaling proteins, glycosyl-phosphatidylinositol-anchored (GPI)
proteins and the caveolae structural and marker proteins, caveolin 1–3 [183–186].
Based purely on ultrastructural comparisons and tissue expression profiles, the adipocyte seems to have the highest concentrations of caveolae and the highest levels of
caveolin-1 and -2, i.e. more than any other cell type [187]. Indeed, electron micrographs of adipocytes dating back to 1963 show that caveolae account for up to
30% of the surface area of the adipocyte plasma membrane [188, 189]. Furthermore, in 3T3-L1 adipocytes, a widely used model system for studying adipogenesis, the number of caveolae increases 9-fold, and caveolin-1 and -2 expression increases 20-fold during differentiation from fibroblasts to the adipocyte state [187, 189].
Caveolins are supposed to anchor to the plasma, Golgi and ER membranes by
the central hydrophobic domain with both amino- and carboxy-termini exposed to
the cytoplasm [190]. Caveolae fulfil important functions in protein and lipid/cholesterol transport (endocytosis, potocytosis, transcytosis, polarized transport) as
well as in signal transduction [185, 186, 190–192]. Fujimoto and coworkers
showed that caveolin-2, especially its b-isoform, is targeted to the surface of LD,
by immunofluorescence and immunoelectron microscopy, and by subcellular fractionation [193]. Brefeldin A-treatment induced further accumulation of caveolin-2
along with caveolin-1 in LD. Analysis of mouse caveolin-2 deletion mutants revealed that the central hydrophobic domain (residues 87–119) and the amino-terminal (residues 70–86) and carboxy-terminal (residues 120–150) hydrophilic domains are all necessary for the localization in LD. The amino- and carboxy-terminal domains appeared to be related to membrane binding to and exit from ER, respectively. This implies that caveolin-2, which is synthesized on cytosolic ribosomes and then incorporated into the ER membrane in post-translational fashion,
is transported to LD as a membrane protein [193]. Thus caveolin-2 seems to differ
from the hitherto reported LD proteins, such as the perilipins, in that it exists as
an integral membrane protein in the ER and plasma membrane. As anti-caveolin2 antibody, recognizing the N-terminal segment [194, 195], decorated only the P
face of LD in a freeze-fracture replica, caveolin-2 may take the same orientation
on the LD surface as in the membrane [193]. This is consistent with the hypothesis that the LD surface is a half-membrane, or a phospholipid monolayer, with
amphiphilic lipid molecules with their hydrophilic and hydrophobic portions oriented toward the cytoplasm and the LD content, respectively [143]. No labeling for
caveolin-2 was seen in the LD surface, but was found in small clusters both in
cryosections and in freeze-fracture replicas. The labeling for adipophilin shows
the same pattern at the LD surface. These results suggest that the whole LD surface may not be homogenous and that some segregation may occur in the halfmembrane [193]. Interestingly, a recent study revealed unesterified cholesterol in
LD [196]. Furthermore, LD of eosinophils contain proteins typical for DIGs related
to intracellular signaling, such as MAPK and Lyn [163, 197]. Together, these results suggest, intriguingly, that LD might be a novel membrane domain where caveolins may functionally regulate signaling proteins [184, 185, 191].
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The recruitment of caveolin-1 to LD in BFA-treated cells [198] may also be due
to the hydrophobic domain shared by all caveolins. However, caveolin-1 does not
appear to have the same degree of affinity to LD as caveolin-2. First, in cells expressing caveolin-1 alone, its redistribution to LD after BFA-treatment occurred
slowly and only in some cells. Second, without the BFA-treatment, caveolin-1 was
not found in LD even when overexpressed. The LD localization signal of caveolin1 is likely to be less effective than that of caveolin-2. Endogenous caveolin-2 was
not detected in LD under normal culture conditions. This may be because caveolin-2a, expressed predominantly in most cells, is less efficient than caveolin-2b in
LD targeting. But the accumulation of caveolin-2 in LD is transient, so that its distribution in LD can only be detected when the protein is expressed abundantly or
when its trafficking is perturbed. The apparent morphological continuity of ER
and LD ([146], see above) and the persistence of LD labeling in BFA-treated cells
indicate that caveolin-2 goes directly from ER to LD. Whether LD exists independently from the ER-Golgi pathway, or LD is an intermediate compartment between ER and Golgi, is not known. The results of BFA experiments may simply
indicate that an excess of caveolin-2 in ER overflowed to LD. However, BFA might
also block other pathways (e.g. from LD to the Golgi) and have caused LD retention. The two pathways are not mutually exclusive and need further studies for
definition. Trafficking of caveolins to LD is important because it may be linked to
that of TAG molecules. A testable question is whether the TAG composition of
LD is changed by the presence of caveolins and/or by BFA-treatment. Also, if and
how is LD related to the reported trafficking routes of caveolin-1 [199, 200]? Interestingly, overexpression of a mutant caveolin-3 in BHK cells leads to its association with the surface of large LD containing TAG and endogenous caveolins 1–3
[201]. Fluorescence, electron, and video microscopy observations are consistent
with formation of the LD by maturation of subdomains of the ER. The mutant caveolin caused the intracellular accumulation of free cholesterol in late endosomes,
a decrease in surface cholesterol and a decrease in cholesterol efflux and synthesis. Incubation of the cells with oleic acid induced a significant accumulation of
wild-type caveolins in the enlarged LD [201]. Taken together, the available data
hint at a role of caveolins in LD biogenesis.

Biogenesis
Role of Caveolins LD biogenesis is incompletely understood. The observations
presented above suggest that although the caveolins are not normally associated
with internal lipid compartments and particles, such as LD, they can certainly traffic to these locations under certain conditions. As such the caveolins represent the
first known integral membrane protein components of LD. This characteristic
may also explain the initially surprising finding that caveolin-1 can behave as a
soluble protein. Immunogold labeling first detected soluble caveolin-1 in the lumen of the ER after cells were exposed to cholesterol oxidase for conversion of
cholesterol at the outer leaflet of the plasma membrane into cholesterone [202].
However, it remained a mystery how caveolin-1 as an integral membrane protein
11.2.2.2.3
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firmly embedded in the cytoplasmic leaflet of the (ER) membrane can move to
the luminal leaflet for subsequent release into the lumen. Subsequently, a small
pool of soluble caveolin-1 was found in the cytosol of fibroblasts in a complex
with chaperones [200, 203]. Finally, the analysis of caveolin-1 distribution in different cell types revealed targeting of caveolin-1 to the cytosol (skeletal muscle cells
and keratinocytes), and to the lumen of secretory vesicles (serous cells of the pancreas, fundic stomach, and salivary gland) [204, 205]. Both the secreted and the cytosolic caveolin-1 exhibited characteristics for incorporation in lipoprotein-like particles, which may explain their apparent solubility. Several groups provided additional evidence that the cytosol of many cells contains a pool of apparently “soluble” and “lipoprotein-like” caveolin-1. This caveolin-1 is associated with cholesterol
and behaves like a protein that is embedded in a particle with the size [206] and
buoyant density [204] of HDL. Interestingly, caveolin-1 is secreted by exocrine secretory cells in HDL-like particles that contain apoA-1, raising the possibility that
caveolin-rich lipid particles in the cytoplasm are involved in the assembly of secreted lipoproteins.
Based on the structure of caveolins, with their long stretch of hydrophobic amino acids acting as membrane-anchoring domain, it is unlikely that they can
switch the “membraneous” into a true “soluble” conformation compatible with the
aqueous milieu of the cytosol. Rather the involvement of caveolins in the biogenesis of various lipid particles by budding from either the cytoplasmic or the luminal leaflets of the ER membrane may explain their cell type-specific localization
either in the cytosol (as LD or as precursor particles for milk lipid granules destined for budding from the plasma membrane) or in the lumen of the ER and secretory vesicles (as nascent lipoproteins destined for movement along and release
by the secretory pathway), respectively. This unifying concept for the biogenesis of
apparently “soluble” and “membraneous” caveolin-containing structures requires a
“flip-flop” mechanism for translocation of caveolins from the cytoplasmic ER
membrane leaflet (with amino- and carboxy-termini exposed to the cytoplasm) to
the luminal ER membrane leaflet (both termini exposed to the lumen), which
may be induced during cholesterol depletion (e.g. by cholesterol oxidase). In conclusion, caveolin-1 can be integrated in (one leaflet of) various cellular membranes (plasma membrane, Golgi, ER, caveolae) or in (the phospholipid monolayer of) various cytosolic and secreted lipoprotein-like particles (LD, milk lipid
granules, lipoproteins) and in each case may regulate the accessibility of these
structures towards degradation by (phospho)lipases in a way similar to that now
commonly accepted for perilipins.
Taken together, the prevailing model for LD biogenesis rationalizes that caveolins (but not most other membrane proteins) might be able to enter the LD
(Fig. 11.3). Since LD are surrounded by a phospholipid monolayer and are
thought to be derived from the ER, where TAG and cholesterylesters are synthesized (see above), it is tempting to speculate that TAG accumulate in the hydrophobic core of the bilayer, forming a bulge that eventually buds from the ER
membrane to form free LD (Fig. 11.3 A). Accumulation of TAG in the bilayer core
would initially force opposite leaflets of the bilayer apart, increasing bilayer thick-
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ness. Such a thickened bilayer could not accommodate transmembrane proteins
that have hydrophilic domains on both sides of the membrane and these proteins
would be excluded from the forming LD (Fig. 11.3 B). Caveolins, by contrast, lack
luminal hydrophilic domains, and could diffuse freely between the ER membrane
and the monolayer surrounding the nascent LD. Thus caveolins would not need
to dissociate from the ER membrane and expose their hydrophobic domains to
the cytosol to enter the LD (Fig. 11.4, steps 1 and 2). This model suggests that caveolins can enter LD only while they are forming and are still in contact with the
ER. Consequently, accumulation of caveolins in the ER would trigger their targeting to LD and concomitantly LD biogenesis [145, 193]. Alternatively, transport of
caveolins from the plasma membrane and/or Golgi apparatus to the ER via a retrograde pathway might somehow lead to LD targeting. If caveolins normally pass
through LD during biosynthetic transport or intracellular cycling, they must exit
the LD rapidly as they are not normally (i.e. absence of BFA, wild-type caveolin)
detected there.
Although it is unclear how ER accumulation of caveolins might lead to an apparent concentration of the proteins in LD, several possible explanations can be
imagined. First, caveolins might have a high affinity for LD, either through specific binding to a protein or (phospho)lipid of the LD, or through preference of caveolin for the physical state of the LD phospholipid monolayer or TAG core leading to its spontaneous partitioning. Efficient packaging of caveolins into transport
vesicles might normally prevent entry into the LD. Accumulation in the ER might
saturate some component of the transport machinery, possibly a specific cargo receptor, giving the protein time to access the LD. Alternatively, accumulation of caveolins in the ER might change the properties of the ER membrane. The altered
properties might increase the affinity of caveolins for LD, either by changing the
physical properties of the membrane or by inducing a conformational change in
caveolins.
Role of Perilipins In LD, accumulation of perilipins and TAG occurs roughly in parallel. When FA synthesis was inhibited, the concentration of TAG decreased by 90%
and correspondingly the amount of perilipin dropped [153]. The availability of only a
small amount of TAG may cause formation of small LD with insufficient surface
space for the association of perilipin. Decreased synthesis of FA resulting in liberaJ
Fig. 11.3 “Budding” model for the biogenesis

of intracellular LD. (A) LD formation is initiated by accumulation of TAG between the leaflets of the ER membrane. During budding of
the forming LD, typical transmembrane proteins with hydrophilic domains protruding
into the ER lumen and cytoplasm are segregated from membrane proteins, anchored in
the outer leaflet, only, such as caveolin. After
detachment of the matured LD from the ER

membrane, the TAG core of the LD is surrounded by a phospholipid monolayer with
embedded caveolin having both its aminoand carboxy-terminus exposed to the cytoplasm. (B) The topology and segregation of
transmembrane proteins and caveolin are
shown in greater detail. See text for details.
Adapted from Refs. [145 and 152] with modifications.
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Fig. 11.4 Hypothetical model for integration
of the major mechanisms of TAG storage and
mobilization: (1) conversion of fibroblasts/
preadipocytes into adipocytes, (2) biogenesis
of forming LD at the ER membrane, (3) fusion of smaller LD to mature LD, (4) translocation of HSL from the cytosol to the surface
of LD, (5) disassembly and reorganization at

the LD surface of perilipin and (6) its translocation from LD to the cytosol. Both processes
may contribute to relieve the barrier that prevents HSL from gaining access to the LD.
PKA-dependent phosphorylation is depicted
as filled circles. See text for details. Adapted
from Ref. [144] with modifications.

tion of FA from TAG may lead to subsequent detaching of perilipin from the surface
of the shrinking LD and subsequent degradation of the protein. Londos and coworkers [157] showed that undifferentiated 3T3-L1 fibroblasts transfected with constructs that encode perilipin A accumulate numerous small LD that are associated
with perilipin A. These results indicate that appropriate targeting of perilipins is
not restricted to adipocytes or steroidogenic cells, and further suggests that perilipins may serve as nucleation sites for TAG deposition (Fig. 11.2). As nearly all cells
can synthesize TAG the formation of LD in the transfected fibroblasts may reflect
trapping of TAG in perilipin-bound structures. This is compatible with the observed
consequences of introducing perilipin A into other cells that do not normally express
this protein. It remains to be demonstrated, however, whether perilipins are directed
toward LD, or vice versa LD are transported to perilipin aggregates, or association of
both components occurs in parallel (Fig. 11.4).
Growth Adipocyte differentiation in WAT involves the coalescence of small nascent LD to form the one or more large LD found in mature cells. By contrast,
most other cell types contain numerous smaller LD (see above). Franke and co-
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workers [153] have proposed that, in adipocytes, cytoskeletal intermediate-filament
proteins, particularly vimentin, form cages around small LD and thereby prevent
the latter from fusing (Fig. 11.4, step 3). Indeed, a vimentin network is seen near
LD in newly differentiating adipocytes. As the cells mature, a decrease in the
number of vimentin fibers coincides with, and might play a role in, LD coalescence [153]. In fact, in 3T3-L1 fibroblasts, expression of a dominant-negative vimentin reduces the formation of LD [207]. However, the involvement of vimentin
in LD biogenesis came under debate when knockout mice lacking vimentin were
shown to exhibit normal biosynthesis of adipocyte LD, even though no compensatory formation of other intermediate-filament proteins could be demonstrated
[208]. Nevertheless, coalescence of adipocyte LD must be highly regulated – given
the thousand-fold difference in the volume of LD in white and brown adipose tissue – but the mechanism of adipocyte LD maturation remains to be elucidated.
Cell-free System Very recently, a microsome-based, cell-free system containing substrates for TAG synthesis and a phospholipase D-activating protein was introduced
that assembles newly formed TAG into spherical LD [209]. These LD were recovered
in the low-density fraction by gradient ultracentrifugation and were similar in size
and appearance to those isolated from rat adipocytes and 3T3-L1 fibroblasts. Caveolin-1 and -2, vimentin, ADRP, and the 78 kDa glucose-regulated protein, GRP-78,
were associated with LD from this cell-free system. The caveolin was soluble in
1% TX-100, as was the caveolin on LD from 3T3-L1 cells [209]. These data suggest
that caveolin is released from the microsomes along with LD, indicating that caveolin may help to sort newly formed TAG from the ER into a cytosolic form in a budding process of LD from the ER membrane. The ADRP on the LD was also derived
from the microsome-associated pool, suggesting that it can be targeted to the ER
membrane. ADRP can be acylated [150, 210], and these acyl moieties may participate in the interaction between ADRP and the membrane, since covalently linked
FA are involved in the membrane targeting of other proteins (e.g. ADP ribosylation
factor-1) [211, 212]. Thus, ADRP binds to the microsomal membrane and participates in the budding of the small LD. Perilipins were not expressed in the 3T3-L1
fibroblasts used to prepare the microsomes and consequently were not present in
the partially purified cytosolic phospholipase D activator preparation. Therefore perilipins were not present on the LD assembled in the cell-free system [209]. Consequently, small LD can be assembled in the absence of perilipins. GRP-78 is a chaperon protein that contains a KDEL sequence and is therefore restricted to the ER/Golgi
region of the secretory pathway. GRP-78 appeared to be present on the cytosolic side
of the surface layer of LD [213], suggesting that the surface layer is derived from the
membrane of the ER. This agrees with the model proposed for the assembly of LD
(see above), according to which the TAG will, during the biosynthesis, “oil-out” between the leaflets of the ER bilayers (Fig. 11.3). The LD formed by complete budding from the ER would be covered by a phospholipid monolayer and proteins originally bound to both the luminal and cytosolic surface of the ER membrane.
The LD from the cell-free system, like those from 3T3-L1 cells, contained TAG,
DAG, phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine

257

258

11 Physiological and Pharmacological Regulation of Triacylglycerol Storage and Mobilization

[209]. The assembly of these LD-like structures depended on the rate of TAG biosynthesis and required an activator present in the high-speed supernatant from
homogenized rat adipocytes. The activator-induced phospholipase D activity, and
its effect on the release of the LD from the microsomes, was inhibited by butan-1ol or 2,3-diphosphoglycerate. The activator could be replaced by a constitutively active phospholipase D or its product, phosphatidic acid. In conclusion, LD seem to
be formed from regions of the microsomal membrane that contain caveolin, vimentin, and ADRP in a process that depends on DGAT activity and is driven by
the activity of a phospholipase D and the formation of phosphatidic acid. Phosphatidic acid acts as an intracellular messenger or as cone-shaped lipid that alters
the curvature of the membrane [214, 215 a]. Its formation seems to be important
for the fission of transport vesicles [215 b, 216]. Recent data [209] suggest that it
plays a role in (regulation of) the budding step within the biogenesis of LD, as
has previously been proposed for the assembly of VLDL in the ER lumen [217,
218].
Targeting Mechanism Three studies have addressed the question of how LD-associated proteins accumulate at the monolayer surface of LD during their biogenesis. Pol and coworkers [201] demonstrated that amino-terminal truncation mutants of caveolin-1, -2, -3, among them Cav-3DGV, are targeted to LD (and the
early Golgi). Fujimoto and coworkers [193] found overexpressed caveolin-2 to be
associated with LD (and the Golgi). Brown and coworkers [198] showed that caveolin-1 with an ER retention signal fused to its carboxy terminus, such as Cav1KKSL, as well as an internal-deletion mutant of caveolin-1, are highly concentrated in LD (and the ER and Golgi, respectively). Furthermore, the same group
reported that blockade of the anterograde transport along the secretory pathway by
brefeldin A leads to increased expression of endogenous caveolin at the surface of
LD [198]. Subsequently, Brown suggested [145] that (transient) accumulation of caveolins at the ER as a result of overexpression or impaired release into the secretory pathway during a folding defect caused by the mutation or by brefeldin Atreatment may be sufficient for their efficient partitioning from the cytoplasmic
membrane leaflet of the ER to the phospholipid monolayer of LD. According to
this view, the association of caveolins with LD under physiological conditions,
rather than the unusual experimental conditions of inefficient transport, has still
to be demonstrated.
The LD-associated proteins described so far can be classified on basis of their
biosynthesis and topology: ADRP, perilipins and HSL are translated on free ribosomes [157] and recruited to the LD from the cytosol as a type of peripheral membrane protein, the latter two shuttling between the LD and the cytosol in reversible fashion in response to the nutritional state of the adipocyte (see below). Caveolins are co-translationally inserted into the ER in a signal-recognition-particledependent fashion [195], with their central hydrophobic domain penetrating into
the ER cytoplasmic membrane leaflet and the two flanking hydrophilic domains
extending into the cytoplasm (Fig. 11.3 B, step 1). Maintaining this topology the
caveolins would diffuse laterally from the bulk ER to the surface phospholipid
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monolayer of nascent LD still attached to the ER without exposing their hydrophobic domains to the cytosol, whereas transmembrane proteins would be excluded
from the LD (Fig. 11.3 B, step 4). However, the apparent concentration of proteins
at LD requires additional specific targeting information and deciphering mechanisms [128, 163], albeit a consensus sequence for LD targeting has not been identified. The proteins could interact directly with phospholipids located at the LD
surface (Fig. 11.3 B, step 2) or with TAG deposited in the LD core (step 6) or with
other LD proteins (step 3). Since LD probably arise (also) de novo (in contrast to
the biogenesis of membranes) in the absence of pre-formed structures which
could function as nucleation or docking sites for the incorporation of newly
synthesized LD proteins, some LD proteins have to come into direct contact with
phospholipids/TAG of the LD and discriminate them from those of the ER. Caveolins represent candidates for LD proteins triggering the initial biogenetic steps
of LD assembly on basis of their high affinity for DIGs, which are characterized
by tight packing and a high degree of order of their (saturated) lipid acyl chains
(see above). The apparent affinity of caveolins for LD may well rely on their affinity for DIGs, which is supported by the finding that the LD-targeted Cav-3DGV
mutant resists solubilization by cold non-ionic detergent, as is true for typical
DIG-associated proteins [201]. Consequently, a physical state of the LD surface
monolayer distinct from the ER cytoplasmic leaflet and more “DIG-like” may attract typical LD proteins, such as caveolins (Fig. 11.3 B, step 7). However, putative
targeting information encoded by the “DIG milieu” of nascent LD is not compatible with a recent more detailed analysis of the phospholipids contained in LD and
DIGs, which did not reveal close similarity with regard to length and saturation of
the constituent FA (see above). Alternatively, contact of the TAG molecules in the
LD core with the phospholipids of the LD surface (Fig. 11.3 B, step 5) might trigger a tight packing of the latter, creating a special lipidic environment that causes
the selective recruitment of certain phospholipids and proteins to nascent LD.

11.3

Mechanism and Regulation of TAG Mobilization
11.3.1

cAMP

TAG mobilization by lipolysis as a strictly regulated process has been known
since the early 1960s, when it was established that fast-acting hormones such as
ACTH and epinephrine increased lipolysis [219, 220], and that insulin counteracted this activation [221–223]. It was soon recognized that cAMP was involved in
the regulation of the catecholamine-sensitive lipolytic activity in adipose tissue
[224]. Catecholamines can either stimulate lipolysis via three subtypes of b-AR,
which are positively coupled to cAMP-synthesizing AC by Gs proteins, or inhibit
lipolysis via a2-AR, negatively coupled to the AC by Gi proteins (Fig. 11.2). Con-
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cerning the functional significance of adrenoceptor-mediated increases in cAMP
levels, two points should be emphasized. First, lipolytic agents generally increase
the levels of cAMP far above the concentration required for maximal activation of
PKA [225, 226]. Second, considerable species and tissue specificity exists with regard to the distribution of adrenoceptor subtypes. In humans, for instance, the interplay between a2- and b-AR is important in modulating cAMP levels in adipocytes. It is now generally accepted that lipolytic response of fat cells is controlled
mainly by the sympathetic nervous system and by plasma insulin levels and depends on the balance between stimulatory and inhibitory pathways. cAMP activates PKA and this kinase then phosphorylates the two main targets involved in
the control of lipolysis in the adipocyte, HSL and the perilipins (Fig. 11.2). Phosphorylation of these proteins dramatically increases lipolysis (see below). Insulin
is the physiologically most important antilipolytic hormone. The ability of insulin
to antagonize hormone-induced lipolysis can largely be explained by its ability to
lower cAMP levels and thereby PKA activity [227], leading to a decrease in the
phosphorylation state of HSL and perilipin.

11.3.2

Phosphorylation of HSL

Phosphorylation of partially purified HSL by PKA, leading to a moderate activation of its activity in vitro, was described in the early 1970s [228, 229] and later
confirmed [225, 230, 231]. Subsequent phosphopeptide mapping and phosphoamino acid analysis suggested that HSL was phosphorylated on a single serine residue, named the regulatory site [232]. Partial amino acid sequencing of phosphopeptides generated from bovine HSL [233], together with determination of the primary structure of rat HSL [234], allowed identification of Ser-563 as the regulatory
site [235]. However, more recent data have dramatically challenged this view on
the short-term regulation of HSL. The finding that mutation of Ser-563 did not
abolish PKA-induced activation of HSL led to the identification of two novel PKA
sites, Ser-659 and Ser-660, that seem to be responsible in intact primary adipocytes for the activation of HSL in response to isoproterenol stimulation [236]. The
role of phosphorylation of Ser-563 remains elusive (Fig. 11.5).
Apart from three PKA phosphorylation sites described above, HSL is phosphorylated in vivo in hormonally quiescent cells at a site named the basal site [235], corresponding to Ser-565 in rat HSL [232, 234], i.e. two residues carboxy-terminal to Ser563. Glycogen synthase kinase-4 [237], Ca2+/calmodulin-dependent kinase II, and
AMP-activated protein kinase (AMPK) [238] phosphorylate Ser-565 in vitro without
any direct effect on enzyme activity (Fig. 11.5). AMPK has been proposed to be
the physiologically relevant kinase [238], based on its involvement in other aspects
of lipid metabolism and on its proposed role as fuel gauge [239]. Furthermore, because phosphorylation by AMPK prevented subsequent phosphorylation of Ser563, and vice versa, it was proposed that phosphorylation of Ser-565 exerts an antilipolytic role [238]. This proposal is supported by experiments showing that preincu-
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Fig. 11.5 Working model for the interplay between basal and regulatory phosphorylation
sites at HSL, including the kinases and phos-

phatases involved. See text for details.
Adapted from Ref. [557] with modifications.

bation with AICAR (5-aminoimidazole-4-carboxamide 1-b-d-ribofuranoside) – an activator of AMPK – causes a moderate reduction of the lipolytic response to catecholamines in primary adipocytes [240, 241]. The data indicating mutually exclusive
phosphorylation at the basal and regulatory sites imply that activation of HSL by
PKA has to be preceded by dephosphorylation of the basal site. Whether this dephosphorylation is an important regulatory step or merely a result of a high constitutive
protein phosphatase activity in the cell is not clear. Moreover, the recent finding that
Ser-563 is not essential for HSL activation [236] raises some questions regarding this
antilipolytic role of Ser-565 phosphorylation. Also, the moderate antilipolytic effect of
AICAR should be interpreted with caution because this substance has many cellular
effects and has been questioned as a specific AMPK activator [242].
In fact, recent studies have elucidated completely novel aspects of AMPK physiology as it may be directly involved in the b-adrenergic regulation of lipolysis.
Much experimental evidence has promoted the idea that AMPK acts as an intracellular energy sensor, stimulated by the increased intracellular AMP/ATP ratio
when cells are stressed by conditions such as hypoxia/ischemia in the heart and
excessive contraction in skeletal muscle. Activated AMPK accelerates ATP-producing pathways, such as fatty acid and glucose oxidation, while reducing ATP consumption, ultimately leading to the preservation or restoration of adequate high
energy phosphates [243]. Whereas the importance of AMPK to control lipid meta-
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bolism in liver and muscle is well established, its role in regulating lipolysis in
adipose tissue has remained controversial. Previous observations led to the hypothesis that AMPK antagonizes lipolysis in adipocytes (see above), presumably to
prevent futile cycling and depletion of ATP during unrestrained simultaneous lipolysis and re-esterification. However, subsequent mutational analysis of the PKA
phosphorylation sites of HSL raised serious doubts on the negative effect of
AMPK phosphorylation on PKA-induced HSL activation [236], which were then
strengthened by the finding that isoproterenol stimulated AMPK phosphorylation
and activity in isolated rat adipocytes, in apparent contradiction to an anti-lipolytic
role for AMPK [244]. Confirming and extending the latter study, it was demonstrated recently, that treatment of murine cultured 3T3-L1 adipocytes with isoproterenol or forskolin promoted the phosphorylation of AMPK at a critical activating
Thr172 residue in a concentration- and time-dependent fashion [245]. This correlated well with stimulation of AMPK activity as measured in the immune complex. Analogs of cAMP mimicked the effect of isoproterenol and forskolin on
AMPK phosphorylation. Treatment of the adipocytes with insulin reduced both basal and forskolin-induced AMPK phosphorylation via a pathway dependent on PI3'K. Overexpression of a dominant-inhibitory mutant of AMPK blocked isoproterenol-induced lipolysis by about 50% [245]. These data indicate that in adipocytes a
novel pathway operates through which cAMP can lead to the activation of AMPK,
and that this pathway is required for maximal stimulation of lipolysis. However,
overexpression of a constitutively active AMPK version had a minimal effect on
both basal and isoproterenol-induced lipolysis only, which may indicate that
AMPK is required but not sufficient for lipolysis induction (in the absence of elevated cAMP). Moreover, it remains unclear from this study how agents that increase cAMP or the nucleotide itself activate AMPK in intact cells. Thr172, the
phosphorylation site on AMPK responsible for most of the increase in AMPK activity, is not a consensus PKA phosphorylation site, suggesting that PKA regulates
AMPK activity through an indirect mechanism, such as phosphorylating and activating an unknown upstream AMPK kinase. Alternatively, the effect of cAMP
could be independent of PKA. The other open question is how AMPK regulates lipolysis. As already mentioned, phosphorylation of HSL at Ser563, Ser659, and Ser
660 by PKA alone does not account for the maximal activity of HSL as in vitro
PKA phosphorylation causes a 1.5- to 2.2-fold increase in HSL lipase activity only,
while isoproterenol stimulates FA release from adipocytes by more than 50-fold.
AMPK phosphorylates Ser565, which is located in the regulatory domain of HSL,
as are the PKA phosphorylation sites, in vitro. Phosphorylation of Ser565 by
AMPK might, speculatively, be involved in regulation of the translocation of HSL
to the LD (see below). This would explain the recent finding that mutation of this
residue abrogated the ability of HSL to translocate to LD [246]. In addition, or alternatively, several other proteins, participation of which in lipolysis has been
documented, such as perilipin and lipotransin (see below), may represent direct
or indirect targets of AMPK. Taken together, the available experimental evidence
hints at a positive modulatory role of AMPK in b-adrenergic stimulation of lipolysis, during which it undergoes phosphorylation and activation and then possibly
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phosphorylates HSL at Ser565, leading to its translocation to LD. Physiologically,
this putative mechanism nicely fits the commonly accepted role of AMPK as intracellular energy sensor since it guarantees that ATP depletion in adipocytes and in
other tissues coordinated via the b-adrenergic response leads to enhanced lipolysis, resulting in the release of FA that can be oxidized by target tissues to compensate for the increased demand for high energy phosphates.

11.3.3

Dephosphorylation of HSL

Two major studies devoted to clarifying the action of PP on HSL [247, 248] have
demonstrated a several-fold higher activity of PP2A and PP2C than PP1 toward
PKA sites, even though the source of both HSL and PP differed in each study.
The same was true for the basal site, i.e. Ser-565 [247]. Because of their higher
abundance in adipose tissue, PP2A and PP1 are the main PP acting on HSL in
vivo. Wood and coworkers [248] suggested a role for PP1 in selective dephosphorylation of the basal site. This, however, was not supported by another study, which
showed a higher preference of PP1 for the PKA sites than for the basal site [247].
The dephosphorylation of the novel PKA sites, Ser-659 and Ser-660, as well as the
possible existence of specific HSL phosphatases, remains to be investigated
(Fig. 11.4).

11.3.4

Intrinsic HSL Activity

Historically, the major consequence of HSL phosphorylation was thought to be an
increase in the catalytic activity of the lipase toward TAG, which thereby triggers
lipolysis, but more recent observations indicate that activation of lipolysis involves
a more complex and elegant series of reactions. Phosphorylation of HSL in vitro
leads to a moderate (two-fold) increase in activity against emulsified TAG substrates, whereas b-adrenergic stimulation of adipocytes leads to a > 50-fold increase in the hydrolysis of TAG housed within LD [249, 250]. A reasonable explanation for this discrepancy is that (i) cytosolic HSL in unstimulated adipocytes is
already highly active but has limited access to its substrate contained within intracellular LD and (ii) the major consequence of lipolytic stimulation is the migration of HSL toward the LD [251, 252] and a change in the LD surface that provides access of the lipase to its TAG substrate in the LD core. That HSL is present
in an active state in unstimulated adipocytes is supported by comparisons of lipolysis in intact control and stimulated cells with the lipolytic activities of homogenates or sonicates derived from these cells [249, 253]. Whereas lipolysis in intact
stimulated cells is far greater than in intact control cells, there is little between
the measurable lipolytic activities in homogenates or sonicates of these control
and stimulated cells. Importantly, high HSL activity is found in sonicates or
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homogenates of control cells that exhibit only minimal lipolysis before disruption
of the cells [249, 253]. The conditions of cell disruption in these studies are unlikely to foster phosphorylation of HSL because both PKA and ATP are diluted,
and chelators in the homogenization medium reduce the effective concentration
of Mg2+, which is required for PKA activity. Hence, it appears that the non-PKAphosphorylated HSL in homogenates or sonicates of control adipocytes can hydrolyze TAG at a rate nearly equal to that exhibited by PKA-phosphorylated HSL
when acting on exogenous emulsified TAG substrates. Strålfors and coworkers
[250] proposed that the great increase in the lipolytic activity in sonicates of unstimulated adipocytes results from the large increase in surface area of TAG arising
from dispersion of the LD. Okuda and coworkers [253] speculated that the increase was due to destruction of the integrity of the LD surface. Implicit in both
explanations is the idea that, in the intact adipocyte, HSL is active but has restricted access to the TAG substrate. As reviewed below, this is compatible with
data showing that lipolytic stimulation is accompanied by a migration of HSL to
the LD plus a dramatic change in the structure of the LD surface.

11.3.5

Translocation of HSL
11.3.5.1

Mechanism

In a seminal paper Hirsch and Rosen reported that cAMP-stimulated lipolysis in
cultured adipocytes is accompanied by redistribution of HSL from the aqueous
supernatant of homogenates of unstimulated cells to the particulate fraction and
the floating fat cake of homogenates of stimulated cells [254]. These findings were
later confirmed by the direct immunological demonstration of HSL movement
from the cytosol to the LD [251], leading to the hypothesis that a major consequence of PKA activation is the translocation of the phosphorylated HSL from the
cytosol to the LD [251]. Subsequently, this hypothesis was confirmed by examining the location of HSL in 3T3-L1 adipocytes with the use of immunofluorescence
microscopy [252]. In unstimulated cells, the enzyme is disturbed diffusely in the
cytosol, but migrates to the LD surface upon stimulation of lipolysis by the b-AR
agonist, isoproterenol. This translocation is reversible since upon addition of the
b-AR antagonist, propranolol, to stimulated cells HSL resumes a diffuse distribution. Furthermore, HSL leaks from adipocytes into the medium when digitonin is
used to permeabilize unstimulated, but not stimulated cells. These data suggest
that HSL is freely soluble in the cytosol of unstimulated adipocytes and that its
binding to the LD surface in stimulated cells is reasonably avid [252]. Furthermore, HSL remains bound to LD following fractionation of stimulated cells. The
temporal kinetics of HSL translocation to and away from the LD parallels the temporal kinetics of the onset and termination of lipolysis. Because the effects of isoproterenol are mimicked by non-hydrolysable cAMP analogs, the translocation reaction is downstream of PKA activation. There appears to be no cytoskeletal in-
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volvement in the translocation reaction, since translocation is unimpeded by cytoskeletal poisons such as nocodazole, cytochalasin B and the combination of these
two agents [252]. Thus, an important consequence of lipolytic activation of adipocytes is the translocation of HSL from the cytosol to its substrate, i.e. the TAG in
the core of LD (Fig. 11.4, step 4).
Meanwhile, HSL translocation seems to be more complex and may be accompanied by and/or trigger a conformational change of HSL, leading to higher affinity
for TAG and/or phospholipids of the LD. In vitro, even non-phosphorylated HSL
binds readily to phospholipid vesicles [255] and mixed phospholipid/DAG monolayers [256]. However, in intact cells, the interaction with the LD only takes place
upon lipolytic stimulation and phosphorylation of HSL. Remarkably, a mutant
variant in which the newly described phosphorylation sites (Ser-659, Ser-660) have
been replaced by alanines was unable to translocate. Of interest is whether the different sites for PKA phosphorylation on HSL have different roles in promoting
cellular lipolysis, i.e. in triggering HSL translocation to LD versus increasing intrinsic HSL activity toward TAG in the LD core. Unpublished work by Londos and
coworkers revealed that HSL translocation proceeds normally when either of these
two sites is mutated singly, but is abolished on simultaneous mutation of both
sites. By analogy with other lipases, HSL might exist in two conformational states,
an active form – corresponding to the “open” form exposing a large hydrophobic
lid structure as observed for other lipases – and an inactive “closed” form. In intact cells, phosphorylation of HSL would be required to trigger the transition from
the “closed” to the “open” form, exposing the hydrophobic lid structure for interaction with TAG. In vitro, HSL may be permanently stabilized in the “open” form by
the non-ionic detergent required to keep the enzyme soluble and active in its purified form [256], thus making phosphorylation unnecessary. This mechanism of
stabilization of the “open” form by a micelle of tensioactive molecules has been
elegantly demonstrated for pancreatic lipase [257].
Recently, the involvement of multiple mechanisms for hormonal regulation of
lipolysis by HSL has convincingly been demonstrated with transgenic mice expressing human HSL in WAT [258]. HSL mRNA levels were increased in WAT by
3-fold vs. endogenous HSL. The lipolytic activity against TAG was elevated in
WAT of transgenic compared with wild-type mice which may explain the observed
more pronounced reduction of body weight and fat mass in transgenic compared
with wild-type mice after a 4-day calorie restriction. However, and surprisingly, the
cAMP-inducible lipolytic response was lower in adipocytes prepared from transgenic mice [258]. Thus these data suggest that mechanisms other than phosphorylation, translocation and intrinsic activity of HSL may become rate-limiting for lipolytic degradation of TAG in LD of intact adipocytes, at least under conditions of
HSL overexpression, some of which and the components putatively involved are
discussed below.
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11.3.5.2

Involvement of Perilipins

Initially it has been proposed that the function of perilipin could be to anchor
HSL to its TAG substrate as a “docking protein” at the surface of LD when phosphorylated [251]. However, attempts to coimmunoprecipitate (PKA-phosphorylated) HSL and perilipin offer no evidence of any direct interaction between these
two proteins, nor does a yeast two-hybrid screen [259]. A salient feature of perilipins A and B is their phosphorylation by PKA. The A isoform has six predicted
sites for PKA phosphorylation, three of which are in perilipin B. Most, if not all,
of these sites in perilipin A appear to be phosphorylated upon lipolytic activation
of adipocytes [168]. The PKA-mediated phosphorylations occur on serine residues.
By contrast, in unstimulated cells one or more threonine residues, as yet not identified, are phosphorylated. Because perilipin A is polyphosphorylated by PKA during lipolytic activation of adipocytes, a role for perilipin in lipolysis has been hypothesized. As cytosolic HSL seems to be in an activated state in the absence of
PKA phosphorylation, one must ask why the lipase does not bind to and hydrolyze TAG in unstimulated adipocytes. There are two possible explanations. First,
despite the evidence that in intact cells non-phosphorylated HSL behaves like a
freely soluble cytosolic protein, this HSL form might be constrained from reaching the LD due to its association with another protein (see below). Secondly, perilipins could serve to block HSL action in unstimulated cells. During the last decade, the common hypothesis has been that non-PKA-phosphorylated perilipins
suppress lipolysis by denying HSL access to TAG in the core of the LD (Fig. 11.4,
step 5). Several lines of evidence support this:
Mutational analysis of the three consensus PKA sites in perilipin A that are
common to both perilipin A and B (Ser-81, Ser-222, Ser-276) was performed to
analyze the role of PKA-mediated hyperphosphorylation of perilipin in regulating
lipolysis [250]. When the mutant protein (delta3) was expressed in cells overexpressing acyl-CoA synthase-1 ACS1 and fatty acid-binding protein-1 FATP1, like
wild-type perilipin A, the mutant one targeted itself to the surface of LD, increased TAG accumulation, and decreased basal lipolysis. However, unlike perilipin A, perilipin-delta3 blocked PKA-stimulated lipolysis in ACS1/FATP1 cells overexpressing HSL [260]. Thus, PKA-stimulated phosphorylation of perilipin A is necessary to abrogate perilipin’s A inhibitory action on lipolysis. Because perilipin A
and B share the same PKA phosphorylation sites that were mutated, it can be
speculated that perilipin B may also modulate PKA-stimulated lipolysis. If perilipins A and B assume similar extended conformations at the LD surface, the greater protection against hydrolysis of the longer splice variant, perilipin A, may be attributed to its greater length and thus greater coverage of the LD surface, i.e. it is
the extended unique carboxy-terminal tail (*12 kDa) of perilipin A that is important in protecting against lipolysis in the unstimulated state. Since perilipins are
major substrates of PKA, which polyphosphorylates perilipins on lipolytic stimulation, i.e. in parallel to lipid hydrolysis [146, 157], it follows that phosphorylation of
PKA sites in the amino-terminal region induces a conformational change in the
carboxy-terminal region that exposes portions of the LD surface to HSL action.
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Furthermore, expression of native and mutated forms of perilipin A and B in
CHO fibroblasts revealed that perilipin A inhibits TAG hydrolysis by 87% when
PKA is quiescent but that activation of PKA and phosphorylation of perilipin A
provokes a 7-fold lipolytic activation [261]. No HSL was detected by immunoblotting these cells nor could any PKA-stimulated lipolytic activity in CHO cell homogenates be measured. Thus, the lipase responsible for TAG hydrolysis in CHO
cells appears unresponsive to PKA, and PKA regulation of lipolysis in CHO cells
expressing perilipin A is concluded to result solely from the PKA phosphorylation
of perilipin, which is supported by the finding that mutation of selected PKA sites
eliminated this regulated response [262]. Unlike perilipins, ADRP has no consensus sequences for PKA phosphorylation and thus is unlikely to be phosphorylated
in lipolytically stimulated cells.
In agreement with the above findings, perilipin A acts cooperatively with HSL
in lipolysis when both proteins are introduced into CHO cells. Thus, the ability of
perilipin to regulate lipolysis of TAG in the core of LD appears to be manifested
with any lipase that has access to the LD surface. The enhancement of lipolytic activity by perilipin A and the endogenous lipase of CHO cells is clearly time-dependent, requiring at least 30 min after stimulation to become manifest. In contrast,
when both HSL and perilipin are introduced into CHO cells, the lipolytic activation occurs with no detectable lag. Phosphorylation of HSL is assumed to foster
this immediate reaction, in contrast to the endogenous lipase, which is apparently
not a PKA substrate.
Additional support for the barrier hypothesis for perilipin is based on analyses
of the stimulation of adipose cell lipolysis with the cytokine, TNF-a. Several cytokines, including TNF-a, increase lipolysis in adipocytes [262, 263]. Unlike the fastacting lipolytic hormones, which activate PKA and increase lipolysis within minutes, TNF-a requires at least 6 to 8 h to initiate a lipolytic response. Moreover,
TNF-a does not increase PKA activity. However, the cytokine does terminate expression of the perilipin gene, and within 24 h of exposure of the cells to TNF-a
the perilipin content of cells is reduced by up to ca. 50%. That this reduction in
perilipin accounts for the increased lipolysis is supported by Sousa and coworkers
[264] report that adenovirus-mediated expression of perilipins A or B prevents
TNF-a-stimulated lipolysis. In contrast to the endogenous perilipin, that produced
by the adenovirus construct is not attenuated by the cytokine. Thus, the data indicate that perilipins not phosphorylated by PKA inhibit lipolysis and that phosphorylation of perilipins abrogates this barrier (Fig. 11.4, step 5).
Most interestingly, the increased PKA activity in 3T3-L1 adipocytes is correlated
with dramatic and reversible changes at the LD surface [264]. Immunofluorescence staining for perilipin decreased at the periphery of large LD, suggesting
that PKA activation lowers the density of the perilipin coat at the LD surface,
either by an increase of the total LD surface area leading to “dilution” of perilipin
or, more likely, loss of perilipin from the LD due to its translocation into the cytosol. The apparent reciprocal translocation of HSL (Fig. 11.4, step 4) and perilipin
(Fig. 11.4, step 6) between LD and cytosol seems to depend on the “age” of the
adipocytes [265]. In young male rats (160–200 g) the translocation of HSL in re-
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sponse to isoproterenol closely paralleled the stimulation of lipolysis, but there
was no translocation of perilipin from LD to the cytosol. By contrast, upon lipolytic stimulation and perilipin phosphorylation in adipocytes from older rats, there
was no translocation of HSL but a significant translocation of perilipin away from
the LD. Furthermore, the maximum rate of lipolysis induced by isoproterenol was
markedly lower in cells from older than in those from younger rats [265]. A similar redistribution of perilipin has also been reported for 3T3-L1 adipocytes [157,
253]. This “reverse” perilipin translocation is unlikely to involve a conformational
change that allows perilipin to become freely soluble in the cytosol as it is extremely hydrophobic [165, 168]. Instead, phosphorylation of perilipin and/or some
other mechanism may trigger an alteration in the LD surface, rendering LD more
susceptible to disruption by fractionation procedures, resulting in the release of
apparently “free” perilipin in the cytosolic fraction. In conclusion, the results with
older rats emphasize that lipolytic stimulation is not due to HSL translocation
alone. The current speculation is that this diminution of the perilipin coating may
represent one mechanism whereby perilipin contributes to lipolysis in adipocytes.
However, it appears that the translocation of perilipin is not essential for the stimulation of lipolysis in all cells, or may not be the only or predominant mechanism
as it is not observed in adipocytes from young male rats in which translocation of
HSL was apparent upon lipolytic stimulation.

11.3.5.3

Involvement of Lipotransin

Translocation of HSL to LD might be prevented in unstimulated cells by a cytosolic inhibitor protein which interacts with HSL or by a LD-associated protein which
prevents HSL gaining access to the LD surface, as has been proposed for perilipin
(see above). Alternatively, HSL might interact with a LD-associated “docking” protein upon activation, facilitating its translocation to the LD. Saltiel and coworkers
have identified a novel binding-protein for HSL, called lipotransin, that fulfils several criteria for an HSL “docking” protein [266]. It can bind directly to HSL, as
demonstrated in two-hybrid assays, and in in vitro pulldown experiments. The two
proteins form a complex in coprecipitation experiments from cells transfected to
overexpress the proteins, as well as in fat cells expressing endogenous levels. HSL
and lipotransin are detected in overlapping but not identical adipocyte cellular
fractions. However, in response to lipolytic agents, HSL translocates to a lipid/
membrane fraction that is highly enriched in lipotransin. Additionally, the lipotransin and HSL genes exhibit a similar pattern of expression in both human and
mouse tissues [266]. A human homolog of lipotransin, called p60 katanin [267],
was tentatively identified by 5' RACE and 3' RACE methods from two clones
based on their homology to sea urchin katanin; 87% identity was revealed between lipotransin and human p60 katanin in the amino-terminal 185 aa.
The binding of lipotransin to HSL appears to be controlled by several factors. The
interaction was significantly increased after phosphorylation of HSL by PKA [266].
Perhaps Ser-659 and Ser-660 control the binding of HSL to lipotransin, providing
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a mechanism by which the lipolytic hormones can induce the translocation of the
enzyme to LD. In addition to the phosphorylation of HSL, the ATPase activity of lipotransin probably plays a role in controlling the interaction of the proteins. Lipotransin belongs to the AAA family of proteins, characterized by a signature motif
of 230 aa containing an ATP-binding site consensus, and a catalytic center for
ATPase [268]. A BLAST search revealed sequence similarity to several AAA family
members involved in diverse cellular functions. The AAA module in lipotransin is
located from aa 190 to the 3' end of the sequence. One Walker motif A (P loop)
was found at aa 249–256. The potential catalytic center for ATPase is at aa 353–
371 [266]. Proteins containing these domains play a role in recognizing and fusing
specific membrane populations [269], priming the assembly or breaking apart of
protein complexes and unfolding stable protein conformations [270]. Although
ATPase activity is typically difficult to detect in these proteins, blockade of the activity with non-hydrolyzable analogs of ATP can inhibit their effects [271]. In this regard, the interaction of lipotransin with HSL appears to be sensitive to the MgATP
binding or ATPase activity of lipotransin. Inhibition of the activity with EDTA to chelate magnesium, or AMP-PNP to block ATP hydrolysis, promotes the formation of a
stable complex [266]. These data suggest that, after HSL interacts with lipotransin,
the complex undergoes dissociation due to ATP binding and hydrolysis.
Interestingly, fat cells expressing endogenous amounts of the proteins require
prior exposure to insulin to capture a lipotransin : HSL complex, as seen by precipitating with antibodies to either protein, and reproduced in pulldown experiments from insulin-treated cells [266]. These data are consistent with the insulinpromoted translocation of HSL to the LD seen in fractionation experiments, even
though the hormone blocks lipolysis under these conditions. These findings suggest that insulin might prevent the translocation of HSL to the LD by “freezing”
HSL with lipotransin near or even on the cytoplasmic face of the LD, thus preventing access to TAG in the LD core. The following molecular model for the hormonal regulation of lipolysis was suggested by Syu and Saltiel [266; Fig. 11.6]:
Upon phosphorylation, HSL can interact directly with lipotransin, which docks
the protein close to the LD, which may be formed by surrounding ER cisternae
or, more likely, phospholipid monolayer structures directly and continuously connecting LD and ER. Once bound, lipotransin can undergo a cycle of ATP hydrolysis, permitting the dissociation of HSL and its direct association with the LD.
When cells are exposed to insulin, the complex is frozen, blocking the dissociation of HSL and its association with the LD. Although the mechanism by which
insulin regulates this activity remains unknown, one interesting possibility is that
the ATPase activity of lipotransin is negatively influenced by insulin, perhaps
through a phosphorylation mechanism. However, phosphorylation of lipotransin
in response to insulin has not been reported.
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Fig. 11.6 (Hormonal) regulation of TAG mobilization in adipocytes by translocation of
HSL and perilipin as well as the molecular
mechanisms involved (phosphorylation by
PKA, dephosphorylation by protein phospha-

tases PP and interaction with lipotransin LPT
near the ER and LD). Phosphorylation is depicted as filled circles. See text for details.
Adapted from Ref. [558] with modifications.

11.3.6

Intrinsic Activity of HSL
11.3.6.1

Feedback Inhibition

HSL is inhibited in a non-competitive manner by oleoyl-CoA, oleic acid and 2monopalmitoylglycerol, with 50% inhibition at 0.1, 0.5 and 500 lM, respectively
[272]. Feedback inhibition of HSL by oleoyl-CoA and oleic acid may therefore prevent accumulation of free FA and cholesterol in the cell, whereas 2-monoacylglycerol may act as a feedback inhibitor if the capacity of 2-monoacylglycerol lipase is
exceeded. The inhibition of HSL by oleoyl-CoA and oleic acid at concentrations
well below their critical micellar concentrations (reported for fatty acyl CoAs, 30–
60 lM; for FA 0.8–1 mM) rules out any detergent effects, implying that inhibition
is via binding to a specific site on the enzyme protein [272; Fig. 11.7, step 1]. FA
inhibit AC and therefore cAMP accumulation in the adipocyte [273; Fig. 11.7, step
2]. Furthermore, PKA can phosphorylate and thereby stimulate phosphodiesterase,
PDE3, directly (Fig. 11.7, step 3) or possibly indirectly by phosphorylating and acti-
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Fig. 11.7 Working model for the short-term
inhibition of HSL activity/phosphorylation by
insulin, including mechanisms of feedback inhibition by lipolytic end products and positive
anti-lipolytic cross-talk to the insulin signaling
cascade in adipocytes. Operation of a puta-

tive PDE3K downstream of PKB as well as direct phosphorylation/activation of PDE3B by
the insulin receptor (IR) and/or PI3K is indicated. See text for details. Adapted from Ref.
[557] with modifications.

vating the postulated PDE3 kinase (PDE3K), which finally leads to cAMP degradation [274]. These mechanisms would reduce HSL activation by phosphorylation.
The four inhibitory feedback loops may therefore act together to prevent further
accumulation of FA released from lipolysis and therefore possible cell damage via
detergent properties inherent in high concentrations of FA (Fig. 11.7).
The observed inhibition of HSL by 2-monopalmitoylglycerol may also be of significance as a feedback control of lipolysis. As a result of preferential cleavage of
1(3)-ester bonds by HSL, the hydrolysis of TAG and subsequently of DAG yields
2-monoacylglycerol. This is a poor substrate for HSL and therefore a distinct 2monoacylglycerol lipase is required for the final step of lipolysis to yield free
NEFA and glycerol [275]. If the rate of production of 2-monoacylglycerol by HSL
exceeds its rate of hydrolysis by the 2-monoacylglycerol lipase, the resultant accumulation of this lipid may prevent its further generation. However, the physiological conditions under which this might occur are unknown as 2-monoacylglycerol
lipase is reported to be present in adipocytes in sufficient quantity and is not ratelimiting, even during hormonally-stimulated lipolysis [275].
The two key enzymes in FA synthesis and cholesterol synthesis, ACC1 and
HMG-CoA reductase, are also inhibited by oleic acid and oleoyl-CoA in a non-
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competitive manner and over similar concentration ranges as for HSL [276, 277].
All three enzymes are phosphorylated by the AMPK. Phosphorylation of ACC1
and HMG-CoA reductase results in direct inhibition of these enzymes [278],
whereas phosphorylation of HSL by AMPK blocks subsequent phosphorylation
and activation of HSL by PKA [238; see above]. AMPK is itself activated by nanomolar concentrations of fatty acyl CoA [278]. Thus a co-ordinated feedback mechanism may exist whereby elevated levels of FA or fatty acyl CoAs regulate the levels of free cholesterol and FA in the cell via inhibition of their de novo synthesis
or mobilization from their stores through lipolysis.

11.3.6.2

Adipocyte Lipid-binding Protein

Utilizing a yeast two-hybrid screen of a rat adipose tissue library, it was demonstrated that HSL specifically interacts with adipocyte lipid-binding protein (ALBP
or aP2; see Ref. [279]) and the amino-terminal 300 aa of HSL has been identified
as the region responsible for this interaction. This adipose-specific fatty acid-binding protein is expressed during adipocyte differentiation and makes up to 6% of
cytosolic protein in mature fat cells [280]. Fatty acid-binding proteins (FABP) are
abundant low-molecular-weight cytoplasmic proteins that are involved in intracellular trafficking and targeting as well as metabolism of FA [281]. ALBP binds FA,
retinoids and other hydrophobic ligands [282] and is postulated to shuttle FA within the aqueous cytosol toward the membranes of the relevant intracellular organelles that are involved in TAG synthesis and oxidation. This transfer is believed to
occur via a collision mechanism that depends on the interaction of organelle
membrane phospholipids with basic residues of ALBP, resulting in partitioning of
FA to organelles for metabolic utilization. It has been proposed that intracellular
FABP function to sequester FA, thus serving as an intracellular buffer or participating in facilitating the movement of FA within cells. Because HSL and ALBP
interact, it was also hypothesized that ALBP might prevent direct feedback inhibition of HSL by high local concentrations of NEFA released at the site of hydrolysis (see above). Consistent with this view, adipocytes from ALBP-null mice exhibit
markedly reduced basal and stimulated lipolysis both in situ and in vivo, but show
few phenotypic changes when fed a standard low-fat diet, with the exception of
slightly lower plasma glucose and TAG concentrations in the fasted state [283,
284]. This may be based on increased expression of keratinocyte fatty acid-binding
protein in ALBP-null mice, normally expressed at low levels in adipose tissue
[285]. However, in contrast to wild-type controls, high-fat feeding did not lead to
hyperinsulinemia and insulin resistance in ALBP null mice, despite similarly elevated body weights. No major abnormalities in adipocyte TAG synthesis were observed in ALBP null mice with compensation by keratinocyte FABP. Therefore,
deficiency of ALBP was associated with partial protection from mild insulin resistance resulting from short-term high-fat feeding, possibly by relieving HSL from
feedback inhibition by NEFA. In the opposite concept for the function of ALBP it
delivers FA to HSL, thereby mediating the inhibition of its catalytic activity by FA.
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Evidence has accumulated that the interaction of ALBP and HSL constitutes an
additional mechanism whereby the hydrolytic activity of HSL is regulated
(Fig. 11.7, step 5). Thus incubation of ALBP with purified recombinant HSL in vitro led to an increase in TAG hydrolysis [286]. This ALBP-induced increase in hydrolytic activity was due to at least two components. First, a small non-specific effect of added ALBP, perhaps altering the surface tension of the TAG substrate
and thereby leading to interfacial activation of HSL, and, second, a specific effect.
The specific effect of the ALPB-induced increase in HSL hydrolytic activity appeared to be based primarily on the ability of ALBP to interact with HSL. The
ability of ALBP to bind FA did not seem to be required for this effect since a FAbinding mutant of ALBP, which binds normally to HSL, displayed a similar capacity to increase activity as wild-type ALBP [286]. There was no evidence that the
ALBP-induced increase in HSL activity was due to changes in the dimerization of
HSL, which has been reported previously [287]. Furthermore, the ability of ALBP
to increase HSL hydrolytic activity was also demonstrated in situ in cells co-transfected with HSL and ALBP as compared with HSL and vector alone. Importantly,
the ability of FA to inhibit HSL hydrolytic activity was attenuated by co-incubation
with ALBP [286]. Here, the specific effect of ALBP to protect HSL from FA-induced inhibition appeared to depend in part on the ability of ALBP both to interact with HSL and to bind FA since the ALBP FA-binding mutant did not preserve
HSL activity as effectively as native ALBP when exposed to higher concentrations
of FA. The level of ALBP in vivo is, notably, extremely high (estimated to be 250–
400 lm), suggesting that, within the cellular context, ALBP can relieve product inhibition by sequestration of FA to a much greater degree than measured in vitro
or in situ. Based upon the amount of FA released from isolated adipocytes and
the estimated water volume of an adipocyte, the intracellular concentration of FA
is estimated to be 600 ± 74 lm [288]. The near 1 : 1 stoichiometry of the total FA
pool with ALBP and the high affinity of FA for this protein, measured by a combination of titration calorimetry and fluorescence displacement assays, suggest that
FA in the adipose cell are largely, if not exclusively, protein-bound.
By analysis of a series of deletional mutants of HSL in GST pull-down experiments, the region of HSL interacting with ALBP was localized to aa 192–200
[286]. In particular, site-directed mutagenesis of His-194 or Glu-199 eliminated the
ability of HSL to interact with ALBP. Thus, these two residues, either directly or
indirectly, are critical for mediating the interaction of HSL with ALBP. Interestingly, HSL mutants H194L and E199A, each of which retained normal basal hydrolytic activity but were unable to bind ALBP, failed to display an increase in hydrolytic activity when cotransfected with wild-type ALBP. The retention of normal
basal hydrolytic activity by these mutants argues against mutations at these sites
affecting HSL dimerization, since monomeric HSL displays only 1/40 the activity
of the dimer [287]. Moreover, this is consistent with the finding that no apparent
increase in HSL dimerization occurred upon incubation with ALBP [286]. Consequently, the capacity of ALBP to increase the hydrolytic activity of HSL is, apparently, not due solely to the ability of ALBP to bind and sequester FA, but also appears to depend on the physical interaction of ALBP with HSL. This suggests that
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the binding of ALBP to HSL might either alter its conformation, allowing TAG to
access the catalytic site more efficiently or preventing FA from inhibiting HSL
through a conformational change or steric inhibition. Therefore, ALBP can, apparently, increase the hydrolytic activity of HSL through its ability to bind and sequester FA, and through its specific interaction with HSL. Experiments with ALBPnull mice indicate that these functional consequences of the interaction of ALBP
with HSL occur in vivo [283, 284]. Thus, the current observations are consistent
with the proposal that ALBP and HSL constitute a lipolytic complex (Fig. 11.7).
This complex functionally results in an increase in the hydrolytic activity of HSL
brought about by the physical interaction of HSL with ALBP and by the ability of
ALBP to bind and sequester FA. Thereby, lipolysis and intracellular trafficking of
FA are controlled in an organized fashion.

11.3.7

Expression of HSL

Existing adipocyte-like cell lines, such as 3T3-L1, 3T3-F442A and BFC-1, together
with primary adipocyte cultures, have been used to investigate the effects of different nutritional and hormonal factors on HSL expression. cAMP and phorbol esters decrease HSL expression in mature 3T3-F442A and BFC-1 adipocytes via two
apparently distinct mechanisms [289]. Insulin, growth hormone, and retinoic acid
[289] and oleic acid [290, 291] reportedly had no effect on HSL expression in mature 3T3-F442A adipocytes. In a study on isolated rat adipocytes in culture, dexamethasone increased HSL mRNA fourfold, whereas adrenaline and growth hormone had no effect [292]. The effect of dexamethasone contrasts with the report
by Plee-Gautier and coworkers [289] that dexamethasone alone had no effect, but
a potentiation of the cAMP effect. The reason for the discrepancy is not known
but may be attributed to the different experimental systems.
The expression of HSL protein and mRNA levels are lower in subcutaneous fat
stores compared with internal (visceral, omental) fat depots in the rat [288], suggesting a possible basis for the differences in the rate of lipolysis among various
fat depots. In contrast, subcutaneous fat in humans has a higher HSL mRNA expression and HSL activity than omental fat [293]. Human subcutaneous fat cells
are larger and there is a positive correlation between fat cell size and HSL expression [293]. When controlled for adipocyte cell size, the amount of HSL protein
and HSL mRNA levels in subcutaneous adipocytes show a strong correlation with
maximum lipolytic activity [294].
Laurell and coworkers have identified an alternatively spliced shorter (80 kDa)
form of human HSL that is exclusively expressed in WAT and devoid of both esterase and lipase activities, and is presumably generated by skipping of exon 6,
which encodes the serine residue of the catalytic triad [295]. Subsequently, two
HSL immunoreactive bands (88 kDa = L form and 84 kDa = S form) in homogenates from human obese adipose tissue were reported [296]. Immunodetection experiments with an antibody specifically recognizing the domain encoded by exon
6 suggested that the 80 kDa and S forms correspond to the polypeptide translated
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from the transcript generated through the human-specific skipping of exon 6
[297]. The maximal lipolytic response of adipocytes from obese subjects expressing both the L and S form was 35% lower than those expressing the L form, exclusively, irrespective of the lipolytic stimulus used (bAR agonists, cAMP). The reduction in lipolytic responsiveness correlated well with a 20% decrease in HSL enzymatic activity, whereas no difference in the quantity of L form protein was
found between the two groups. This indicates that down-regulation of total HSL
enzymatic activity in the presence of the S form is not compensated by overexpression of the L form. One possible mechanism as to how expression of the S
form decreases the lipolytic responsiveness may be based on the dimerization of
HSL as being essential for its function (see above). Thus, hetero-oligomerization
of the L and S forms could render dimers that lack enzymatic activity. Another
possibility is that the S form, which can be phosphorylated by PKA, translocates
to the LD upon lipolytic stimulation of the adipocytes and thereby competes with
the L form as a substrate for the translocation machinery and/or subsequent binding to the LD (see above). The consequences of the concomitant expression of the
S and L form on plasma NEFA levels and insulin-stimulated glucose disposal
rates in obese subjects have not been reported. Therefore it remains unclear
whether the moderate reduction of HSL activity in adipose tissue exerts beneficial
or detrimental effects on whole-body insulin sensitivity, possibly based on counteracting or supporting lipotoxic mechanisms (see above).

11.3.8

Release of Lipolytic Products
11.3.8.1

FA Transport

While liberated FA from adipocytes was believed to be transported by simple diffusion (for a review see Ref. [298]) recent studies have identified several membrane proteins that transport NEFA across the adipocyte plasma membrane.
These include the FA transport protein, FATP [298, 299], plasma membrane fatty
acid-binding protein [300] and fatty acid translocase [298, 301], which are expressed in tissues with a high metabolic capacity for FA, such as WAT, skeletal
muscle and heart. Protein-mediated FA transport is assumed to occur via facilitated diffusion along the concentration gradient formed between the intracellular
and plasma NEFA concentrations. Thus, during starvation the release of NEFA
from adipose tissue into the plasma is determined by the adipocyte lipolytic state,
the coronary flow and the peripheral removal of NEFA. CD36 is a class B scavenger receptor that binds multiple ligands, including FA, and has been proposed to
function as the predominant transporter of long-chain NEFA, acting as a gatekeeper. Adipose cells of CD36 null mice show a decreased capacity to incorporate
long-chain NEFA into TAG [302]. Although neither the effects of CD36 deficiency
on adipose mass, adipocyte size or insulinemia have been reported, a ca. 30% reduction in plasma glucose concentrations has been observed. Transgenic mice
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overexpressing CD36 in skeletal muscle showed increased glucose and insulin
concentrations together with decreased plasma concentrations of NEFA and TAG
at the same time as having increased FA oxidation in muscle [303]. FATP expression is augmented by fasting and damped by insulin [304, 305].

11.3.8.2

Glycerol Transport

Similar to FA transport, a specific protein is thought to participate in facilitating
glycerol release from adipocytes, which can be blocked by mercury – arguing
against simple diffusion. Using the cDNA library from human adipose tissue and
testis, two groups have identified a novel member of the aqua(glycerol)porin
(AQP) family [306–308]. AQPs, which are channel-forming integral proteins with
at least 10 family members in mammalian tissues, function as water and/or glycerol channels [309, 310]. This novel AQP, termed AQPap or AQP7, was expressed most abundantly and almost exclusively in adipose tissue and is the only
aquaglyceroporin expressed there [306]. Subsequently it was demonstrated that
fasting dramatically enhanced and refeeding suppressed its mRNA expression in
mice and that mRNA expression of AQPap was overexpressed in obese mice with
elevated adipose glycerol concentration [308]. Administration of insulin reduced
the expression of AQPap in concentration- and time-dependent manners in 3T3L1 adipocytes. Interestingly, in non-stimulated 3T3-L1 adipocytes, AQPap was detected in the perinuclear cytoplasm with a scattered distribution, whereas after
short-term stimulation with epinephrine AQPap was recovered with the plasma
membrane fraction [308]. This suggests translocation of AQPap from intracellular
vesicles to the plasma membrane, as has been described for the kidney-specific
aquaporin [311], possibly by a PKA-dependent mechanism, although phosphorylation of AQPap has not yet been described.
The coordinated regulation of the expression and activity of HSL, FATP and
AQPap (during fasting, see above) will benefit the effective release of FA and glycerol from adipocytes. Physiologically coordinated regulation of the AQPap and
FATP1 genes by insulin should be efficient for supplying glycerol and NEFA in
accordance with nutritional conditions. However, the suppression of AQPap (as
well as FATP1) mRNA expression by feeding was impaired in obese mice with insulin resistance despite high concentrations of plasma insulin leading to higher
glycerol and NEFA plasma levels [308]. Consistent with this finding, using microdialysis the interstitial glycerol concentration in subcutaneous fat tissue was found
to be elevated in obese mice and increased glycerol production in fat tissue was
reported for obese humans [312]. Hyperglycerolemia and increased glycerol turnover rate in combination with increased NEFA influx into the liver in obesity contributes to elevated hepatic glucose production, resulting in hyperglycemia [313–
315]. Impaired suppression of AQPap in the insulin-resistant state may be involved in increased hepatic glucose output through hyperglycerolemia, since plasma glycerol is a major substrate for hepatic gluconeogenesis and is derived pre-
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dominantly from lipolysis rather than from plasma glucose, even under basal, i.e.
post-prandial, conditions [316].
Interestingly, a mutation in the conserved GXXXGXXXG motif in the sixth
transmembrane domain of aquaporins has been identified for human AQPap
(G264V) which renders it incapable of transporting glycerol (and water) [317]. In
homozygous subjects this mutation leads to lack of the response of plasma glycerol toward exercise, whereas in control subjects with wild-type AQPap gene plasma
glycerol increased in parallel with exercise-induced changes in noradrenaline
[318]. These findings indicate that AQPap is responsible for the exercise-induced
increase in plasma glycerol in humans. However, normal adiposity and a normal
plasma glycerol in G264V homozygous subjects lacking functional AQPap suggest
there is another pathway to maintain plasma glycerol in the sedative condition.

11.3.8.3

Cholesterol Transport

Two distinct sources and responsible mechanisms for free cholesterol released
from adipocytes during lipolysis can be envisioned, cholesterylesters embedded in
the TAG core of LD and cleaved by activated HSL, which exerts pronounced cholesterylesterase activity, and unesterified cholesterol intercalated into the phospholipid monolayer surrounding the TAG core of LD, which may be liberated simply
during reduction of the LD surface upon TAG hydrolysis by activated HSL. Thus,
for both mechanisms HSL may be rate-limiting for cholesterol release from adipocytes, which consequently would proceed in parallel to mobilization of FA and glycerol from TAG. However, when evaluating the concomitant release of glycerol
and cholesterol from 3T3-L1 adipocytes treated with isoproterenol, cholesterol efflux in the medium did not occur during the first 4 h of lipolytic stimulation
[319]. A more prolonged lipolytic stimulus (24 h treatment with monobutyrylcAMP) released significant amounts of cholesterol into the medium. This suggests that prolonged lipolysis (i.e. long-term fasting period) is required for adipocyte cholesterol to re-enter the plasma in vivo, and that release of cholesterol from
adipocytes is regulated, most likely, by its transport across the plasma membrane
in addition to HSL activity. The question of the link between the process of TAG
and cholesterol mobilization from adipocytes during lipolysis has received fresh
attention since the identification of the ABCA1 protein pathway, which is a key
mediator of cellular cholesterol efflux [320]. The reported expression of ABCA1 in
adipocytes may be controlled by LXR, which is highly expressed and acts as key
transcriptional regulator of ABCA1 in adipocytes [321, 322]. Intracellular cAMP
stimulates cholesterol efflux in macrophages by acting through ABCA1 [323].
Thus, TAG mobilization and cholesterol efflux through ABCA1 in adipocytes
might be linked.
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11.4

Physiological, Pharmacological and Genetic Modulation of TAG Mobilization
11.4.1

Muscle Contraction

Acute muscular contraction increases HSL activity in mouse soleus [324]. In
agreement with this finding, muscle contraction, independent of hormonal influence, increases intramuscular TAG utilization [325, 326]. The mechanism underlying the contraction-induced increase in HSL activity is unknown. Furthermore,
whether intramuscular HSL activity can be hormonally regulated during muscular
contraction is also unclear. The regulation of HSL in skeletal muscle by external
hormonal signals during exercise is thought to be unlikely, inasmuch as calcium
and metabolites related to the energy status of the cell are expected to be the
dominant regulators [327]. However, this may not be the case, since, surprisingly,
insulin has been found to play a pivotal role in the regulation of FA oxidation and
TAG utilization during intense muscular contraction, when the role of calcium
and metabolites would be expected to exert a strong influence [328]. This suggests
that the well-known early decline in insulin during exercise may be a major factor
in permitting increased TAG mobilization and utilization by muscle. The role of
epinephrine in regulating intramuscular lipolysis during contraction is also relatively unexamined. Infusion of various physiological concentrations of epinephrine during low-intensity cycling (25% peak oxygen uptake) enhances whole body
lipolysis but actually reduces whole body lipid oxidation [329]. Furthermore, increasing the exercise intensity to 45% peak oxygen uptake blunts the lipolytic action of epinephrine [329]. Thus the most important hormonal signal early in exercise that permits enhanced lipid utilization by muscle may be the decline in insulin, rather than the increase in epinephrine.
The contraction-induced activation of HSL suggests the involvement of calcium
in lipolysis control, possibly via Ca2+/calmodulin-dependent kinase(s). Although
early observations pointed to a role of calcium at different levels of the adipocyte
lipolytic cascade [330–334], this has been contradicted by recent reports suggesting
that an increase in intracellular calcium concentrations inhibits lipolysis [333,
334]. However, tissue-specific mechanisms may well exist for lipolysis control.
HSL of 84 kDa size has been reported to be expressed in cardiac muscle [335]
and skeletal muscle [336, 337]. In skeletal muscle the expression of HSL is higher
in oxidative than glycolytic muscle [336, 337], and HSL expression is reduced in
muscle of 24-month-old rats [338], perhaps contributing to the increase in muscle
TAG content observed with aging. HSL activity in muscle is stimulated by catecholamines [336, 337] acting via b-AR and cAMP and by contraction acting independently of sympathetic tone or catecholamines [339]. Exercise training does not
affect the expression of HSL protein in muscle, but decreases the sensitivity of
stimulation of muscle HSL activity by epinephrine [340]. Heart-specific transgenic
overexpression of HSL prevents the accumulation of cardiac TAG normally seen
in fasted rodents [341]. In addition, heart-specific overexpression of HSL alters the
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expression of cardiac genes for FA oxidation, transcription factors, signaling molecules, cytoskeletal proteins, and histocompatibility antigens. Thus, HSL in cardiac
and skeletal muscle plays a role in controlling the accumulation of LD as well as
the mobilization of TAG dependent on the working load.
At present there is no experimental evidence for a direct inhibition of HSL by
insulin in skeletal muscle.

11.4.2

Nutritional State

Although HSL is primarily regulated by post-translational mechanisms (see
above), pre-translational mechanisms are effective during changes in the nutritional state. High fat-feeding of rats was associated with an increase in both basal
and stimulated HSL activity, with a positive relationship between fat cell size and
HSL expression [342]. In contrast, following several days of food deprivation in
the rat, there is a 2-fold increase in HSL activity, immunoreactive protein, and
mRNA levels in adipose tissue that is not observed with short-term fasting and is
associated with a reduction in fat cell size [343]. HSL mRNA levels have also been
shown to be increased in adipose tissue in hibernating marmots during their
time of fasting [344].
Glucose deprivation of primary cultured adipocytes results in a slight decline in
HSL expression, whereas incubation with high glucose and insulin maintains
HSL expression and leads to an increase of basal and stimulated lipolysis [345].
Recently, a glucose-responsive region was mapped within the proximal promoter
of human HSL and the involvement of upstream stimulatory factor-1 and -2 binding to a consensus E-box within this region was shown to be responsible for transcriptional regulation in response to glucose metabolism between glucose-6-phosphate and triose phosphates [346]. Glucose deprivation also reduces HSL mRNA
levels by a factor of 2.5–3 in 3T3-F442A cells [291]. The physiological significance
of the glucose/insulin effects on HSL expression remains to be determined, but it
may reflect an adaptation to nutritional changes.

11.4.3

Hormones and Cytokines
11.4.3.1

Insulin

Molecular Mechanisms
Insulin, the most important physiological inhibitor of catecholamine-induced lipolysis, induces phosphorylation and activation of a PDE, leading to a decrease in
cAMP levels and concomitant decrease of PKA activity (Fig. 11.7). The decrease in
cAMP is mainly the result of an insulin-mediated activation of PDE3 [347, 348].
By catalyzing the hydrolysis of cAMP and cGMP, PDEs regulate intracellular con11.4.3.1.1

279

280

11 Physiological and Pharmacological Regulation of Triacylglycerol Storage and Mobilization

centrations and biological responses of these second messengers. PDEs constitute
a group of structurally related enzymes that belong to at least nine related gene
families (PDE1-9), which differ in their primary structures, affinities for cAMP
and cGMP, responses to specific effectors, and sensitivity for inhibitors and regulatory mechanisms [349, 350]. Two PDEs (PDE3 and PDE4) have high affinity for
cAMP and are present in fat cells [351]. PDE3 can be distinguished from PDE4 by
its high affinity for both cAMP (low Km) and cGMP (which down-regulates PDE3
activity) and is associated with the ER membrane [352]. Activation of PDE3 but
not PDE4 plays a role in the antilipolytic effect of insulin in vivo in human fat tissue [353, 354]. Two distinct PDE3 subfamilies, PDE3A and PDE3B, products of
distinct but related genes, have been identified, of which PDE3B is expressed in
adipocytes [347, 348, 352]. The importance of PDE3 as an upstream regulator of
HSL activity in insulin’s antilipolytic pathway has been shown with the use of specific and cell-permeable PDE3 inhibitors [350–357]. Specific inhibition of PDE3 in
intact cells completely blocks the antilipolytic action of insulin. Activation of
PDE3 is associated with phosphorylation of serine-302 in intact cells [270]. This
site is also phosphorylated in response to cAMP-increasing hormones, leading to
feedback regulation of the cAMP level [274; see above]. In the presence of both
hormones, i.e. the physiological condition during which insulin exerts its antilipolytic action, there is more than additive phosphorylation of serine-302 associated
with a more than additive activation of PDE3, suggesting positive cross-talk between the pathways upstream of PDE3 [358, 359]. Thus, the regulation of cAMP
content, PKA activity, and thereby the activity of HSL is very complex and includes feedback loops as well as cross-talk between different pathways.
Upstream regulation of PDE3B can be summarized as follows (Fig. 11.7): The
insulin-stimulated PDE3 kinase (PDE3K), apparently a serine kinase activity, may
be identical to that intrinsically associated with the insulin receptor [360, 361].
PDE3B may thus represent the first substrate of the insulin receptor kinase which
is phosphorylated at serine leading to its activation (Fig. 11.7, step 5). However,
other experimental evidence argues for the dual specificity protein/lipid kinase,
PI3K, consisting of a regulatory and catalytic subunit, as the major upstream regulator of PDE3B and, consequently HSL, since treatment of the cells with the
PI3K inhibitor wortmannin completely blocks activation of PDE3K, phosphorylation/activation of PDE3B, and finally the antilipolytic action of insulin [362, 363;
Fig. 11.7, step 6]. Upon insulin stimulation PI3K binds to specific tyrosine-phosphorylated motifs on the insulin receptor substrate protein-1 (IRS-1), the major
substrate for the insulin receptor tyrosine kinase (IR). The signal transduction between PI3K and PDE3K is not yet known, but probably involves protein kinase B
(PKB; Refs. [360, 361]; Fig. 11.7, step 7). The well-known insulin-stimulated serine
kinases, MAPK or p70S6 kinases, apparently are not involved in the antilipolytic
pathway of insulin [345].
In addition to the short-term insulin regulation of cAMP degradation, long-term
effects of insulin on HSL have been reported. HSL activity, immunoreactive protein, and mRNA levels in adipose tissue were increased in response to streptozotocin-induced insulin deficiency in the rat, whereas acute treatment with insulin
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returned HSL activity to normal without altering the increased amounts of HSL
immunoreactive protein and mRNA [366]. Increased HSL activity after prolonged
exposure of isolated adipocytes to insulin has been reported in one study [367],
whereas others did not reveal an effect of insulin at the mRNA expression level of
HSL [368]. Thus, long-term insulin regulation of HSL and the involvement of pretranslational mechanisms remain under debate, while short-term treatment with
insulin controls HSL by post-translational mechanisms.

Desensitization
Long-term exposure of 3T3-L1 adipocytes to insulin at or near physiological concentrations results in increased basal glycerol release in the medium without a
concomitant rise in NEFA release [368]. These conditions also altered b-adrenergic-stimulated lipolysis, exaggerating glycerol but preventing NEFA release. Stimulation of lipolysis by long-term insulin treatment, as measured by glycerol release
is an unexpected finding given the short-term anti-lipolytic action of insulin. This
finding, however, agrees with previous studies that showed increased glycerol release after prolonged insulin treatment of isolated rat adipocytes [345, 367]. One
of these studies showed that the effect of long-term insulin depends on the presence of high glucose concentrations in the medium [367]. Yet, the role of the hexosamine pathway in mediating this effect of long-term insulin treatment seems
unlikely as increased glycerol release occurred irrespective of the presence of glutamine in the medium. In this study, long-term exposure to insulin was done in
culture medium, which contained 25 mm glucose. Yet, at the end of the incubation period, glycerol was collected for 1 h in a buffer without glucose [345]. Thus
it seems that extracellular glucose could be necessary as a priming factor, particularly under high glucose conditions, but is not required for the actual metabolic
flux responsible for glycerol generation. Collectively, these studies demonstrate the
ability of insulin, even at sub-nanomolar concentrations, to stimulate glycerol release upon prolonged exposure as opposed to its short-term inhibitory effect on lipolysis.
In contrast to the effect on glycerol release, long-term exposure to insulin was
not associated with increased NEFA concentrations in the medium [368], a finding consistent with a previous study [369]. Despite being the two end-products of
TAG breakdown, glycerol and NEFA released from adipocytes rarely reach the expected 1 : 3 molar ratio. Short-term insulin stimulation rapidly inhibits NEFA release from adipose tissue, through a combined inhibitory action on HSL and a
stimulatory effect on NEFA re-esterification [370, 371]. Recent findings support
the possibility that although long-term insulin stimulates glycerol release, the
short-term insulin stimulatory effect on NEFA re-esterification is maintained under prolonged treatment. Because the anti-lipolytic effect of insulin and the stimulation of NEFA re-esterification have been shown to involve PI3K [371, 372], the
two pathways seem to diverge downstream of PI3K. These seemingly independent
pathways to affect glycerol and NEFA release from adipocytes also respond to leptin [373], which was shown to stimulate glycerol but not NEFA release from iso11.4.3.1.2
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lated adipocytes (see below). A role for leptin in mediating the effects of longterm insulin on glycerol and NEFA release from adipose tissue is an intriguing
possibility. In conclusion, long-term treatment with insulin apparently leads to desensitization of the signaling pathway down-regulating HSL without concomitant
negative interference with stimulation of the re-esterification pathway. The physiological role of long-term insulin regulation of HSL activity remains unclear.

11.4.3.2

Leptin

Studies with rodents have demonstrated that leptin induces lipolysis both in vitro
[373, 374] and in vivo [375]. The effect was absent in animals lacking a functional
leptin receptor, i.e. db/db mice [374, 375] and in Zucker rats [373]. Intriguingly,
FA release does not accompany glycerol release in leptin-induced lipolysis, which
suggests simultaneous induction of FA oxidation [369]. In these studies, effects
on HSL expression were not investigated. Thus it is not known whether the lipolytic effect of leptin is mediated via phosphorylation-induced activation of HSL,
an induction of HSL expression, a combination of both, or some other mechanism. In another study, however, long-term treatment of mice with leptin increased HSL mRNA expression by 30% in WAT, whereas no effect was seen in
brown adipose tissue [376]. The leptin signal is presumably transduced via the
JAK/STAT pathway. Leptin was also shown to directly activate the TAG/FA substrate cycle, lipolysis and FA oxidation, shifting fuel preference from carbohydrate
to FA oxidation. In particular, studies with isolated rat adipocytes in primary culture demonstrated that leptin impairs insulin inhibition of isoproterenol-induced
lipolysis and PKA activation [377]. These insulin effects were reduced by leptin (2
nm) with a half-life of 8 h. Leptin concentrations below 1 nm led to a right-ward
shift of the corresponding insulin concentration–response curves. At leptin concentrations above 30 nm the responsiveness was diminished, and also resulted in
nearly complete relief of lipolysis from insulin control. The IC50 for leptin was
about 3 nm after 15 h of preincubation of the primary adipocytes. The natural
splice variant des-Gln49-leptin exhibited a significantly lower potency. Adipocytes
regained full sensitivity for insulin’s antilipolytic action within a few hours after
leptin removal [377]. Consequently, in ob/ob mice, the loss of leptin stimulation
of uncoupling and TAG/FA substrate cycling triggered, at least in part, by leptin
blockade of the protein-1 antilipolytic activity of insulin will simultaneously contribute to the decrease in TAG mobilization and utilization as well as to the increase in TAG synthesis and storage. In conclusion, accelerated TAG/FA substrate
cycling in adipose tissue provides a new mechanism by which leptin triggers increased metabolic rate and energy expenditure.
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11.4.3.3

Growth Hormone

Growth hormone is another hormone signaling via the JAK/STAT pathway and
with documented lipolytic effects, albeit with variable efficiency, depending on
species and experimental system [378]. Using primary rat adipocytes, growth hormone was found to increase HSL activity, i.e. lipolysis, without causing an increase in HSL mRNA levels [379], supporting a role for post-translational mechanisms in controlling lipolysis. In agreement, cGMP levels appear to be elevated
moderately upon challenge with growth hormone. cGMP has been shown to
mimic cAMP as an activator of lipolysis [224]. This is supported by in vitro studies
showing that cGMP-dependent protein kinase phosphorylates and activates HSL
[380, 381]. cGMP-dependent protein kinase is present at very low levels in adipose
tissue [382], and the physiological role of this kinase and cGMP for activation of
lipolysis, if any, is not known. Recently, nitric oxide was shown to exert modulatory actions on lipolysis in adipose tissue via cGMP-independent mechanisms
[383]. The effects were complex, with different redox forms acting as either stimulatory or inhibitory.

11.4.3.4

Glucose-dependent Insulinotropic Polypeptide

A recent investigation has demonstrated lipolytic action of glucose-dependent insulinotropic polypeptide (GIP) on 3T3-L1 adipocytes [384]. The effect appeared to
be cAMP-mediated and could be blocked by insulin in a wortmannin-sensitive
manner.

11.4.3.5

TNF-a

Of the various factors suggested to play a part in impaired adipocyte function in
insulin resistance and NIDDM, increased TNF-a expression and production have
attracted interest. TNF-a is produced and secreted from adipose tissue in obesity
and thus acts in an autocrine fashion to alter adipocyte function during obesitylinked insulin resistance [385–387]. Long-term exposure (> 6 h) to TNF-a has been
shown to stimulate lipolysis in adipocytes [368, 388], despite inducing reduced
HSL expression [389, 390]. An early study showed a down-regulation of HSL gene
expression upon TNF-a treatment of 3T3-L1 cells, as measured by Northern blot
analysis and enzyme activity measurements [391]. A similar effect, although much
more moderate, was seen more recently at the protein level [264]. In a study with
primary rat adipocytes, however, no alteration of the levels of HSL protein occurred upon treatment with TNF-a [392].
Studies using human adipose tissue have now shown that TNF-a inhibits LPL
activity by down-regulating its protein expression [388]. Increased TNF-a mRNA
levels are correlated with decreased LPL activity in human subcutaneous adipose
tissue [393]. In addition, TNF-a reduces the expression of FA transporters in adi-
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pose tissue of the Syrian hamster, and decreases the expression of enzymes involved in lipogenesis, such as acetyl-CoA carboxylase, FA synthase and acyl-CoA
synthase [394]. TNF-a could thus impair the synthesis and entry of FA into the
adipocyte, curtailing an increase in the intracellular TAG pool size.
TNF-a has also been found to promote lipolysis. Indirectly, the down-regulation
of HSL observed in 3T3-L1 cells may reflect the known dedifferentiating effect of
TNF-a in these cells [395], whereas, directly, the lipolytic effect of TNF-a could be
explained by the decrease in LPL activity and intracellular reesterification [396]
and/or down-regulation of Gi [365; see below] and perilipin expression [264, 397,
398]. The latter effect of TNF-a, as well as the activation of lipolysis, was prevented by thiazolidinediones [390], a class of insulin-sensitizing anti-diabetic
agents [399]. The mechanisms involved in regulation of lipolysis by TNF-a remain
unclear. A study with human subcutaneous adipocytes [400] demonstrated that,
concomitant with an increase in lipolysis induced by TNF-a, there is activation of
mitogen-activated protein kinases (MAPK) and ERK1/2, leading to a decrease in
the expression of PDE3B, together with an elevation in intracellular cAMP and
hence activation of PKA [401, 402]. Since these two pathways are classically not
coupled, the significance of changes in both is unclear in relation to an increase
in lipolysis. Interestingly, TNF-a stimulated the three mammalian MAPK, p42/44
(ERK2/1), JNK and p38 in time- and concentration-dependent manners in parallel
to induction of lipolysis (3-fold at maximal dose). Lipolysis was completely abrogated by inhibitors specific for p42/44 and JNK but was not affected by a p38 inhibitor [403]. These data suggest involvement of p42/44 and JNK in the TNF-a upregulation of lipolysis in human preadipocytes. The close association between the
expression of enzymes involved in lipolysis and lipogenesis with adipogenesis has
made it difficult to tease out process-specific actions of TNF-a [404]. TNF-a can
thus act on the adipocyte to shift lipid metabolism away from lipid accumulation
and towards a reduction in the TAG pool, which could represent one mechanism
by which TNF-a can reduce total adipose tissue weight.
Severe weight loss or cachexia is a detrimental end-point of several diseases, including cancer, infection and congestive heart failure. Unlike starvation, cachexia
results from a severe loss of lean body mass (mostly skeletal muscle) and the depletion of the fat depots [405]. The pathogenesis of this weight loss is multifactorial, but evidence suggests that cytokines are key players. The predominant reason
for the loss of adipose tissue is the fall in the activity of LPL and an increase in
the activity of HSL. Since TNF-a promotes lipolysis and inhibits lipogenesis, it represents an ideal player in the depletion of adipose tissue mass seen with cachexia. An
elevation in plasma levels of TNF-a, as opposed to adipose tissue-derived TNF-a, is
suggested to be responsible for the metabolic alterations in adipose tissue with
cachexia [406, 407].
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11.4.4

ASP

Acylation-stimulating protein (ASP) is identical to C3adesArg, a cleavage product
of complement C3. Cleavage of complement C3 is mediated through the alternate
complement pathway via the interaction of C3, factor B, and adipsin that generates C3a. Rapid cleavage of the carboxy-terminal arginine of C3a by carboxypeptidase N generates ASP [403, 408]. Adipocytes are one of the few cells capable of
producing all three factors (factor B, adipsin, and C3) that are required for the
production of ASP [403, 408, 409]. ASP production increases consequent to adipocyte differentiation [410], and plasma ASP levels are elevated in obesity [411, 412].
Chylomicrons in vitro stimulate ASP production by adipocytes [413, 414]. In vivo
arterial-venous gradients across a subcutaneous adipose tissue bed in humans
demonstrate direct postprandial production of ASP [415]. The postprandial increase in ASP is adipose tissue-specific and is not observed in the general circulation [416]. Altogether, these data suggest that ASP and TAG storage are metabolically intertwined.
ASP acts as an adipocyte autocrine factor and has been proposed to play a central role in the metabolism of adipose tissue by increasing the efficiency of TAG
storage in adipocytes, an action that results in more rapid postprandial TAG clearance [417]. This is based on stimulation of both glucose uptake and NEFA storage
in human adipose tissue [418, 419] via translocation of glucose transporters
(GLUT1, GLUT3 and GLUT4) from intracellular sites to the cell surface [420, 421]
and an increase in DGAT activity [419]. In addition, ASP has been shown to inhibit HSL in adipocytes, independently and additively to insulin [422].
The pathways distal to PI3K that are involved in the effect of insulin on FFA reesterification and in the action of ASP on FFA re-esterification and lipolysis were
unknown until now. In the study mentioned above, PKC blockers could not counteract the effects of ASP or insulin on fractional NEFA re-esterification (see above)
or lipolysis, suggesting that the actions of the two hormones on NEFA release are
not mediated by PKC [422]. This is in contrast to earlier results on the action of
ASP on TAG synthesis and glucose transport in human fibroblasts [423], which is
counteracted by PKC blockers. The PI3K blocker wortmannin counteracted the effect of insulin on NEFA release by reversing the effect of insulin on both fractional NEFA re-esterification and lipolysis. The effects of ASP, however, were not
affected by wortmannin [422]. Thus the pathway mediating the effect of ASP on
NEFA release does not involve PI3K. This strongly supports the hypothesis that
ASP and insulin follow different pathways in their action on NEFA release. Because the ASP receptor protein(s) has not been identified, further research in this
area is difficult at present. The question was addressed whether a more distal
pathway could be common for the actions of insulin and ASP on NEFA metabolism. Interest was focused on PDE, which previously was found to mediate not
only the antilipolytic effect of insulin (see above) but also contributes to the stimulatory effect of the hormone on glucose transport in human fat cells [424]. A nonselective PDE inhibitor that does not interact with the antilipolytic effects of
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adenosine, counteracted the actions of both ASP and insulin on NEFA release by
reversing their effects on fractional NEFA re-esterification and lipolysis. The selective PDE3 blocker OPC3911 could also counteract these effects of ASP and insulin. The selective PDE4 blocker rolipram could not counteract the effect of insulin
on fractional NEFA re-esterification and lipolysis. Rolipram did not alter the effect
of ASP on lipolysis either, but it counteracted slightly the effect of ASP on fractional NEFA re-esterification. These results agree with those obtained with direct
measurements of PDE activity. PDE3 activity in fat cells was stimulated with both
ASP and insulin in a concentration-dependent manner, whereas PDE4 activity
was only slightly stimulated with ASP. Thus, the effects of both ASP and insulin
on NEFA release appear to be mediated predominantly by PDE3. PDE4 seems to
be involved in the action of ASP as well, although to a lesser extent than PDE3.

11.4.5

Acipimox and Nicotinic Acid

Acipimox (5-methylpyrazine carboxylic acid-4-oxide) is a newer, well-tolerated derivative of nicotinic acid (NA) which shows lipid-lowering properties in patients
with types II and IV hyperlipidemia [425]. The fall in plasma TAG is associated
with a decrease in total and LDL cholesterol and an increase in HDL cholesterol
[426–429]. NA has long been used in the treatment of dyslipidemia, producing a
very desirable modification of multiple cardiovascular risk factors, increasing
HDL, TAG, and lipoprotein(a), which results in a reduction in mortality [430]. NA
is an effective therapeutic agent. However, it has to be administered at high doses
and has a characteristic side-effect profile defined by intense, but transient, prostaglandin-mediated cutaneous vasodilation (“flushing”) that affects patient compliance [431, 432]. Despite their long history of clinical use, the precise mechanism
of action of acipimox and NA was unknown until recently, although inhibition of
adipocyte lipolysis via the activation of a Gi-coupled receptor is believed to contribute [433, 434]. It has been postulated that a reduction in NEFA liberated from adipose tissue results in reduced influx of NEFA into the liver and hepatic re-esterification of NEFA and thereby diminishes the production rate of hepatic TAG available for VLDL and LDL synthesis, which in part explains the hypolipidemic effects observed during NA and acipimox therapy.
Whereas most studies have focused on the effects of NA on lipid metabolism,
the action of NA on carbohydrate metabolism is less well understood. After acute
NA administration, glucose concentrations have been reported to decrease [435],
rise [436] or remain unaltered [437] in rats and humans. Results of glucose tolerance tests after acute NA intake have also been inconsistent [438, 439]. Chronic
administration of NA has consistently resulted in deterioration of glucose tolerance and elevation of fasting blood glucose concentrations in normal humans
[439–441] and impairment of glycemic control in NIDDM patients [440]. These effects are contrary to expectations based on the glucose-FA cycle of Randle and coworkers [38, 39]. If reduction of lipolysis and NEFA availability reduces oxidation
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of fat in tissues and availability of gluconeogenic precursors in the liver, insulin
sensitivity should improve and glucose concentrations fall, as observed with inhibitors of mitochondrial FA oxidation [442]. It is unclear whether this failure of NA
to act as an anti-diabetic drug is caused by its unfavorable pharmacokinetic profile
(short half-life time) and/or its mode of action as inhibitor of adipocyte lipolysis.

11.4.5.1

Mode of Action

The effect of acipimox on adipose tissue lipolysis has been examined under three
experimental conditions [443]. Firstly, in the presence of high levels of the non-selective b-AR agonist isoproterenol, secondly in the presence of low levels of adenosine deaminase (ADA), which when used alone have a minimal effect on basal lipolysis, yet when combined with sub-maximal concentrations of isoproterenol,
substantially facilitate the lipolytic response. Thirdly, acipimox was examined in
the presence of high levels of ADA. Fat cells produce adenosine from cAMP via
consecutive action of PDE and 5'-nucleotidase which upon release into the medium act at specific AR to inhibit AC [444], this inhibitory effect being mediated by
the GTP-dependent [445], pertussis toxin-sensitive [446] regulatory protein, Gi.
High levels of ADA, by converting the endogenous adenosine into inosine, relieve
the inhibition of AC, which results in the observed increase in basal lipolysis. The
data show that acipimox has only a minor, if any, anti-lipolytic effect on lipolysis
stimulated by isoproterenol alone [443]. In contrast, when the lipolytic rate is increased by a lower concentration of isoproterenol in combination with ADA, acipimox becomes a potent anti-lipolytic agent. Wieser and Fain reported similar results for NA, with the addition of ADA increasing the sensitivity to catecholamine-induced lipolysis towards inhibition by NA [447]. The dependence of acipimox upon removal of adenosine suggests that the anti-lipolytic mechanisms
downstream of the AR and the putative acipimox receptor (see below) and upstream of AC are identical for adenosine and acipimox, respectively.
These results show that acipimox acts to inhibit cAMP-stimulated lipolysis
through suppression of intracellular cAMP levels, with a subsequent decrease in
PKA activity. The anti-lipolytic activity of acipimox is associated with a quantitative
shift of HSL from the LD to the cytosol in rat adipocytes, suggesting that, by decreasing intracellular cAMP levels, acipimox can reduce the association of HSL with TAG
substrate of the LD. Pharmacokinetic studies show that the plasma concentration of
acipimox in man after a single 250 mg oral dose reaches 33 lm, and remains above 7
lm for 6–8 h [448]. In comparison, acipimox is a potent anti-lipolytic agent at a concentration of 10 lm and above, in human adipose tissue stimulated maximally and
sub-maximally by isoproterenol [449]. Thus, plasma acipimox levels correlate well
with its in vitro effect on lipolysis and cAMP synthesis in rat adipocytes.
Work on NA showed that it also decreased intracellular cAMP levels [450]
through inhibition of AC [447]. The conditions were identical to those required to
inhibit the enzyme by the anti-lipolytic hormonal factors, prostaglandin E2, adrenaline, and the adenosine analogue, PIA [445, 452]. These findings indicated that
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NA inhibits AC via a receptor-mediated process in a hormone-like manner, which
indicates the involvement of the regulatory protein, Gi. This was confirmed by the
discovery that the anti-lipolytic effects of prostaglandin E2, PIA and NA were abolished by the pretreatment of adipocytes with pertussis toxin, to inactivate Gi [453].
Using the AR antagonist, 3-isobutyl-1-methylxanthine, Londos and coworkers
[454] demonstrated that NA and adenosine act through separate receptors to inhibit adipocyte AC activity. Since NA shares its ability to inhibit lipolysis via a Gi-dependent mechanism with acipimox, and since the drugs are structurally related, it
seemed possible that acipimox suppresses intracellular cAMP levels through binding to the same Gi-linked receptor (see below).

11.4.5.2

Molecular Mechanism

G protein activation by NA and derivatives was recently assessed as stimulation of
guanosine 5'-(c-[35S]-thio)triphosphate binding, and [3H]NA was used to specifically label binding sites [455]. NA (EC50 * 1 lm) stimulated [35S]GTPcS binding in
membranes from rat adipocytes and spleen, but not from other tissues. G protein
activation in adipocyte membranes in the presence of maximally activating concentrations of a selective A1 AR agonist, 2-chloro-N6-cyclopentyl-adenosine, and
NA was almost additive, indicating that G proteins of mostly distinct pools were
activated by these agonists. G protein activation by NA and related substances in
spleen and adipocytes revealed identical pharmacological profiles. [3H]NA specifically detected guanine nucleotide-sensitive binding sites of identical pharmacology
in adipocyte and spleen membranes [455]. These data indicate that NA most probably acts on a specific G protein-coupled receptor (GPCR).
To identify the Gi-linked GPCR for NA, orphan receptors were selected based
on their tissue expression profiles for a rational screening [456]. Subsequently, a
subset of 10 orphan GPCR, which by mRNA distribution analysis exhibited significant expression levels in both adipose tissue and spleen, were expressed in an appropriate mammalian cell line to allow measurement of functional GTPcS binding following NA treatment. Thereby HM74 was identified as a low-affinity receptor for NA which represents an orphan GPCR previously cloned from a cDNA library derived from human monocytes [457]. The half-maximal effector concentration for NA with 1 mm at HM74 was 1000-fold higher than that previously reported in membranes produced from rat adipose tissue or spleen [455]. Subsequent identification of a novel paralogue of HM74, termed HM74A, by a molecular biology approach and its expression in various test systems revealed that
HM74A acts as a high affinity receptor for NA [456]. The activity and affinity of
NA was in good agreement with that previously reported [455]. In the [3H]NA displacement assay, both the absolute potency and the rank order of potency of various HM74A ligands was the same, whether tested against the stable CHO cell
line expressing recombinant human HM74A or human adipocytes [456]. These
data strongly suggest that HM74A is the Gi-linked GPCR for NA on human adipocytes. Compatible with this conclusion, nicotinamide, which unlike NA pro-
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duces no alteration in lipoprotein profiles [432], acted only as a very weak agonist
at HM74A with 1000-fold lower potency than NA. In contrast, acipimox has also
been identified as a full high-affinity agonist for HM74A. Thus activation of
HM74A seems to account for the inhibition of lipolysis observed with NA and acipimox. Therefore, of the NA derivatives tested in man, it appears that potency at
HM74A is linked with their efficacy in normalizing lipoprotein profiles [456].

11.4.5.3

Desensitization

The established phenomenon that exposure of a cell to an agonist can cause desensitization, so that a second exposure to the agonist is less effective than the
first, has been studied extensively and various mechanisms have been described.
First, short-term exposure to a ligand (minutes) can induce a change in the receptor. For example, b-AR can become phosphorylated by a specific kinase (b-AR kinase) after exposure to an agonist [458, 459]. Second, after more prolonged exposure to an agonist, the number of receptors on the cell surface can decrease by a
process termed down-regulation. Down-regulation is generally considered to occur
in two steps. Initial rapid sequestration of receptors from the cell surface through
endocytosis is followed by a slower loss of total cellular receptors involving intracellular degradation, although at least a portion is often recycled back to the cell
surface, as has been demonstrated for the insulin receptor [460, 461]. In addition
to increased degradation of receptors, recent studies for b-AR have suggested that
alterations in receptor mRNA turnover, i.e. decreased transcription and/or increased mRNA degradation, may also play a role [462, 463]. These phenomena
can readily explain homologous desensitization, where exposure of a cell to a hormone results in subsequent insensitivity to that hormone. Another commonly reported phenomenon is known as heterologous desensitization, in which treatment
of a cell with a hormone subsequently can make the cell less sensitive to another
hormone that operates through a different receptor. Heterologous desensitization
has been described for many signaling systems, including GPCRs coupled to AC
[464, 465] and to phospholipase C [466, 467]. Mechanisms of heterologous desensitization, however, are relatively poorly understood.
A1 AR can, reportedly, be down-regulated in rat adipocytes following prolonged
incubation with the non-metabolizable adenosine analog and agonist, PIA [468].
Although there are two major classes of AR, known as A1 and A2 receptors [469],
adipocytes possess primarily receptors of the A1 class [470, 471]. These receptors
are inhibitory toward AC, and their action is thought to be mediated via a pertussis toxin-sensitive G-protein known as Gi, of which three subtypes 1–3 have been
identified in rat adipocytes. Prolonged incubation of adipocytes with PIA leads to
a marked down-regulation of A1 AR [472]. In addition, an approximately 50% decrease in Gi, as measured by pertussis-catalyzed ADP-ribosylation, has been
found. This observation suggested that Gi was down-regulated along with the AR
[472]. Subsequently, a series of specific antisera was used to demonstrate that PIA
causes a marked (ca. 90%) loss of Gi1 and Gi3 with a more modest (50%) loss of
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Gi2 [473]. When PIA is washed away, Gi down-regulation was reversed, suggesting
that it is a real regulatory phenomenon rather than a simple toxic effect [473].
Furthermore, Stiles and co-workers [474, 475] reported similar findings in adipocytes derived from rats after chronic infusion of PIA. More recent studies suggest
that G-protein down-regulation is a common phenomenon resulting from chronic
exposure to agonists. Since several agonists can presumably couple through a single G-protein, it is clear that this phenomenon of G-protein down-regulation
could account for heterologous desensitization.
In addition to impairment of signal transduction activity at the level of G-proteins, heterologous desensitization of GPCR regulation of lipolysis can be caused
by changes at the level of cell surface expression of GPCRs or signaling activity of
signaling components, such as AC, PDE and PKA (catalytic activity), as well as
function of the lipolytic end effectors (e.g. HSL/perilipin translocation apparatus,
lipotransin action). Interestingly, prolonged incubation of rat adipocytes in primary culture with NA at concentrations up to 1 mm had no effect on the levels of
Gi1-3 as well as AC [476]. However, pretreatment of the cells with 1 mm NA for 4
days decreased their sensitivity for subsequent acute inhibition of b-adrenergic
stimulation of lipolysis and AC activity by NA by one order of magnitude (but had
no effect on the sensitivity of the cells toward PIA). The molecular mechanism of
the homologous desensitization of lipolysis by NA, which may form the molecular basis for this observed loss of efficacy of NA and acipimox treatment during
chronic anti-hyperlipidemic therapy, remains to be elucidated.

11.4.6

Glimepiride and Phosphoinositolglycans

Recent studies have identified two completely different exogenous stimuli which
mimic the anti-lipolytic activity of insulin in insulin target cells (for a review see
Ref. [477]). They bypass activation of the insulin receptor, but rather act by triggering redistribution of signaling components between DIGs of different lipid and protein composition at the target cell plasma membrane. (i) Phosphoinositolglycan(-peptides) (PIG[-P]) prepared by chemical synthesis [478] or isolation from natural
sources [475] reduce isoproterenol-stimulated lipolysis in concentration-dependent
fashion to almost basal levels in primary and cultured adipocytes. PIG(-P) are derived from the polar core glycan head group of glycosylphosphatidylinositol (GPI)
anchored proteins [480] consisting of 2',3'-cyclic phospho-myo-inositol coupled to
five sugar moieties in typical glycosidic linkages (PIG portion) and, optionally, contain an additional terminal ethanolamine-linked tripeptide residue (P portion) [478,
479]. (ii) The hypoglycemic sulfonylurea, glimepiride, which in NIDDM patients exerts an insulin-independent blood glucose-decreasing activity in addition to its insulin-releasing potency [481] blocks isoproterenol-stimulated lipolysis in adipocytes
from insulin-resistant Zucker fatty rats or in adipocytes made insulin-resistant in
vitro by incubation in primary culture in the presence of high concentrations of insulin and glucose [482, 483].
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Interestingly, hydrophilic PIG-P and lipophilic glimepiride, albeit differing completely in structure, have in common part of the signaling pathway that crosstalks to the insulin signal transduction cascade and thereby negatively regulates
HSL activity and lipolysis in adipocytes [480]. The available data support the following model for their molecular mode of action. PIG(-P) bind as agonists/antagonists to the receptor, p115, a transmembrane protein that is anchored at the cell
surface within DIGs [484]. Upon binding, PIG(-P) displace endogenous GPI proteins from binding to p115 by competition with their GPI head-groups and thereby reduce their concentration at DIGs [485]. In contrast, glimepiride is not recognized by a proteinaceous receptor of the adipocyte plasma membrane but spontaneously inserts into DIGs via direct hydrophobic interactions in non-saturatable
fashion with GPI lipids thereby altering the structural organization of DIGs [486,
487]. Both events induce the redistribution of lipid-modified signaling protein,
which are known to reside within DIGs on basis of their acylation/glypiation and/
or direct binding to caveolin (for reviews see Refs. [477, 488, 489]). In particular,
GPI proteins and palmitoylated non-receptor tyrosine kinases of the src class,
such as pp59Lyn, translocate from DIGs of lower buoyant density (higher cholesterol content) to those of higher buoyant density (lower cholesterol content) accompanied by dissociation of pp59Lyn from the DIG resident protein, caveolin
(see above; Refs. [485, 488]). This relieves pp59Lyn from inhibition by caveolin
[485, 488], interaction of which with various signaling proteins down-regulates
their signaling activity (for review see Refs. [489, 490]). In turn activated pp59Lyn
phosphorylates IRS-1 at tyrosine residues, presumably at the same sites used by
the insulin receptor [491]. In consequence, activation of the PI3K pathway leads to
upregulation of PDE3B and down-regulation of HSL activity via the same series
of events engaged by insulin (see above). Very recent experiments revealed a possible explanation for the molecular link between the interaction of glimepiride with
DIGs and the resulting reorganization and redistribution of structural (GPI proteins) and signaling (non-receptor tyrosine kinases) components within the DIGs
[492]. The binding of glimepiride to GPI lipids triggers the activation of a DIG-associated GPI-specific phospholipase which cleaves GPI proteins and GPI lipids
[492]. PIG(-P) thereby generated may bind to the p115 at the DIGs and subsequently induce redistribution of signaling proteins from DIGs and the same
downstream series of events, as recently demonstrated for exogenously added synthetic or natural PIG(-P) [485]. Alternatively, GPI cleavage may directly affect the
structure of DIGs and thereby cause the redistribution of DIG components at
both the outer (GPI proteins) and inner (non-receptor tyrosine kinases) leaflets of
the DIG membrane, accumulation of which critically depends on the presence of
glycolipids [493, 494]. The latter possibility seems more likely since p115 is apparently not involved in mediating the anti-lipolytic activity of glimepiride [495]. It
seems plausible that the loss of long-chain FA from the outer leaflet of DIGs
caused by redistribution of GPI proteins or cleavage of GPI lipids within DIGs simultaneously triggers the alteration of the FA composition of the DIG inner leaflet. This “adjustment to a common FA milieu” across the leaflets of DIGs may facilitate the redistribution of pp59Lyn. Interestingly, the GPI-specific phospholipase
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stimulated by glimepiride in cultured and primary adipocytes [496, 497] is reportedly activated also by insulin in the presence of glucose [496–498].

11.4.7

Differences in Regulation of TAG Storage and Mobilization
between Visceral and Subcutaneous Adipocytes

Individuals with peripheral obesity possess fat distribution subcutaneously in gluteofemoral areas and the lower part of the abdomen, and are at little risk of metabolic complications, such as NIDDM. Conversely, individuals with upper-body obesity accumulate fat in subcutaneous and visceral deposits and are more susceptible to metabolic problems, in particular when visceral fat deposits are abundant.
Visceral fat deposits, located in the body cavity, are composed of the omental and
mesenteric fat, and comprise the minor component of total body fat, representing
*20% and *5–8% of total body fat in men and women, respectively. In upperbody obesity, fat excess is present in the visceral abdominal regions but also in
the subcutaneous abdominal regions. There are several explanations but no clear
proof why upper-body obesity is more at risk of developing metabolic disease than
lower-body obesity [499]. Since the visceral deposit is in direct contact with the liver through the portal circulation and considering the alterations of hormonal control of lipolysis of its adipocytes (insulin vs. catecholamines, see below), the “portal paradigm” was postulated on the basis that visceral adipocytes, through enhancement of lipolysis due to both reduced insulin-induced anti-lipolysis and enhanced catecholamine-induced lipolysis, will release portal NEFA that disturb liver
metabolism [500]. Chronic NEFA excess will in turn lead to glucose intolerance,
hyperinsulinemia, insulin resistance and dyslipidemia. However, experimental evidence is accumulating that non-visceral upper-body fat rather than visceral fat deposits is the predominant source of excess postprandial systemic NEFA availability in upper-body obese women and NIDDM patients [501, 502]. This raises the
question as to whether the extent of visceral fat just represents another marker of
ectopic fat distribution (i.e. fat present at the wrong place in tissues such as muscle, heart, liver and pancreatic b-cells). Alternatively, visceral adipocytes may possess properties that could be the origin of metabolic disturbances. In fact, striking
adipose-location-related differences have been reported in adipocyte responsiveness to insulin and catecholamines. Moreover, differences have been described in
the characteristics of various biochemical pathways regulating TAG storage and
mobilization between subcutaneous and visceral fat deposits (Tab. 11.2).
In detail, adipocytes from visceral adipose tissue are more resistant to insulininduced anti-lipolysis and re-esterification of NEFA than those from leg and nonvisceral body fat both in vitro [503, 504] and in vivo [505]. Various functional differences in these cells have been identified at the level of the insulin receptor and
the post-receptor insulin signaling cascade [503, 504]. PDE3B involved in lipolysis
regulation by insulin (see above, Fig. 11.7) and protein tyrosine phosphatases dephosphorylating the insulin receptor, such as PTP1b, could be affected in differen-
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Tab. 11.2 Differences in the regulation of TAG mobilization and storage between fat cells from
visceral (vAT) and subcutaneous adipose tissue (scAT). The extent of some of these differences
depends on the adipocyte hyperplasie (total fat mass) and hypertrophy as well as on the sex.
Adapted from Ref. [499] with modifications (see [449] for references).

Effects and factors
TAG mobilization
b1,2-Adrenoceptor number
b-Adrenoceptor-dependent stimulation of TAG mobilization
Isoproterenol-induced stimulation of AC
Basal rat of lipolysis
HSL protein level and activity
ALBP mRNA and protein levels
Leptin mRNA and protein secretion
TNFa secretion
TAG Storage
a2-Adrenoceptor number
a2-Adrenoceptor-dependent inhibition of TAG storage
Insulin receptor expression (exon 11 deleted)
IRS-1 mRNA and protein levels
Insulin-induced insulin receptor tyrosine phosphorylation
Insulin-induced IRS-1 tyrosine phosphorylation
Insulin-induced PI3K activation
PTP1b activity
ASP mRNA levels
LPL mRNA and protein levels
FA Transport by human preadipocytes

Regional differences

vAT > scAT
vAT > scAT
scAT = vAT
scAT > vAT
scAT > vAT
scAT > vAT
scAT > vAT
vAT = scAT
scAT > vAT
scAT > vAT
vAT > scAT
scAT > vAT
scAT > vAT
scAT > vAT
scAT > vAT
vAT > scAT
scAT > vAT
scAT > vAT
scAT > vAT

tial fashion in visceral vs. subcutaneous adipocytes. This concurs with the endogenous PTP1b activity found to be elevated in visceral adipose tissue and might contribute to the relative insulin resistance of this fat deposit [506]. Exacerbating the
impairment of insulin inhibition of lipolysis, the lipolytic response toward catecholamines is more pronounced in isolated adipocytes from visceral adipose tissue than from subcutaneous gluteal, femoral and abdominal adipose tissue [507].
This higher lipolytic activity can be explained by altered expression or function of
HSL (increase) and/or proteins interacting with either HSL, such as ALBP (increase), or the LD, such as perilipin (decrease) (see above, Fig. 11.6). An enhanced
a2-adrenoceptor responsiveness associated with a concomitant decrease in b-adrenoceptor responsiveness explains the lower lipolytic effect of catecholamines in
gluteal and femoral adipocytes of normal and obese women and abdominal adipocytes of obese men compared with visceral adipocytes. Conversely, visceral adipocytes exhibit the highest b1,2-adrenoceptor-mediated and the weakest a2-adrenoceptor-mediated lipolytic and anti-lipolytic responsiveness, respectively, to catecholamines, which seems to correlate with decreased expression of a2-adrenoceptors
and concomitantly increased expression of b-adrenoceptors [508, 509]. In obese
subjects, unrestrained lipolysis leads to excessive NEFA release from visceral hy-
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pertrophied adipocytes and may prevent their further enlargement in contrast to
subcutaneous adipocytes, which actually represent the largest ones. The search for
adipose tissue-specific local differences in the expression of genes that regulate
the differentiation and expansion of adipose tissue as well as the regulation of
TAG storage and mobilization is underway using genomic and proteomic
approaches.

11.4.8

Up-/Down-regulation of Components of TAG Storage and Mobilization
11.4.8.1

HSL

Recently, the functional significance of HSL in adipose tissue metabolism has begun to be clarified in studies using HSL null mice [510–512]. These mice showed
normal growth rates and body weights. While the epididymal retroperitoneal and
femoral WAT depots of HSL null mice remained unchanged, they displayed a
65% increase in brown adipose tissue mass compared with wild-type control
mice. Inactivation of HSL resulted in the complete absence of neutral cholesterylester hydrolase activity in adipose tissue (both white and brown). However, TAG
lipase activity in WAT was reduced by only 40% and TAG lipase activity in brown
adipose tissue was similar to wild-type mice [510]. Basal lipolysis, i.e. glycerol release, was reduced in isolated adipose cells from HSL null mice in one study
[498], but was unaffected and seemingly increased in another [511]. Nonetheless,
there was a marked defect or complete absence of catecholamine-stimulated glycerol release in adipose cells from HSL null mice, whereas catecholamine-stimulated NEFA release was still observed, but attenuated [510, 511]. This apparent discrepancy in the release of glycerol and NEFA from adipose cells of HSL null mice
has been clarified by the observation that the basal and catecholamine-induced
DAG content increased markedly in white and brown adipose tissue of HSL null
mice [512]. Therefore, the studies with HSL null mice appear to substantiate that
HSL is the rate-limiting enzyme for DAG hydrolysis in adipose tissue and is essential for hormone-stimulated lipolysis. Remarkably, the absence of HSL was not
associated with the development of obesity. However, adipose cells from HSL null
mice, while displaying size heterogeneity, tended to be hypertrophic [510, 511].
Moreover, due to defective lipolysis during fasting, there was a reduction in circulating NEFA and a decreased hepatic production of VLDL secondary to the diminished release of NEFA from adipose tissue [513]. This was associated with an induction of LPL in WAT, as well as in skeletal and cardiac muscle, but a decrease
of LPL in brown adipose tissue [513]. It remains to be determined whether operation of the TAG lipase in HSL null mice is a consequence of its compensatory upregulation in HSL-deficient adipocytes, only, or is indicative for expression of a second TAG-specific HSL-like lipase in wild-type adipocytes, too. Taken together, the
findings on the lack of obesity and mild adipocyte hypertrophy observed in HSL
null mice suggest that other lipases could also play a role in TAG mobilization.
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Interestingly, in HSL null mice after prolonged fasting, plasma NEFA and TAG
levels as well as hepatic TAG stores were reported to be significantly lower than
with wild-type mice [513, 514]. This low hepatic TAG content was associated with
improved hepatic insulin sensitivity since insulin caused a greater reduction in
endogenous hepatic glucose production in HSL null mice (by *71%) than in
wild-type mice (by *31%). This increase in hepatic insulin sensitivity was associated with elevated insulin receptor protein levels and activation of components
of the insulin signaling cascade, such as phosphorylation of PKB and activity of
PI3K [514]. The low hepatic TAG content in HSL null mice can be explained by
their low plasma NEFA levels, since liver-specific NEFA uptake is commonly regarded to be a concentration-driven process facilitated by specific membrane
transporters (see above). The inverse relationship between insulin sensitivity and
hepatic TAG content may be explained by alterations in gene expression during
activation of nuclear transcription factors such as peroxisome proliferator-activated
receptors by intracellular TAG and/or fatty acyl derivatives. Furthermore, the diminished plasma NEFA levels per se cannot be excluded from being, at least
partly, responsible for the increased hepatic insulin sensitivity, since plasma NEFA
concentrations are inversely correlated with insulin sensitivity (see above). Strikingly, in HSL null mice, no differences were observed in insulin-mediated wholebody glucose uptake compared with wild-type mice as revealed during hyperinsulinemic euglycemic clamp studies [514]. The lack of improvement of whole-body insulin sensitivity may be explained by the reported absence of significant differences in muscle TAG content in combination with unchanged insulin-induced
PKB phosphorylation in HSL null compared with wild-type mice despite lower
plasma NEFA levels.
Recently, HSL null mice have been shown to have impaired insulin secretion, a
2- to 2.5-fold increase in islet TAG content, and elevated basal insulin secretion
from isolated islets that fails to rise further upon challenge with glucose [515].
Comparison of the gene expression profile between islets isolated from wild-type
and HSL null mice using microarray chip technology and Taqman quantitative
PCR for selected genes revealed changes in genes that are involved in lipid metabolism (methyl sterol oxidase, short chain acyl-CoA dehydrogenase), insulin response (insulin-induced growth response protein) and cytoskeleton (profilin, cofilin). In particular, the mRNAs for UCP-2, SREBP-1c, and PPARc were up-regulated in islets from HSL null mice as compared with wild-type mice. The transcriptional up-regulation of UCP-2, which is regulated by SREBP-1c and PPAR-c,
was associated with elevated NEFA and correlated with impaired glucose-stimulated insulin secretion. Finally, C/EBPa, which is involved in cytokine-regulated
apoptosis of pancreatic b-cells, was also up-regulated. Collectively, these findings
suggest that HSL is important in maintaining lipid homeostasis in b-cells by directly and indirectly controlling gene expressing for multiple metabolic and signaling pathways and hence in the regulation of glucose-stimulated insulin secretion.
A recent study using transgenic mice overexpressing HSL specifically in b-cells
provided novel and important insights with regard to the role of HSL in the development of lipotoxicity [516]. These transgenic mice were characterized by im-
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paired glucose and severely blunted glucose-stimulated insulin secretion upon
challenge with a high-fat diet. Their islets displayed both elevated HSL activity
and forskolin-induced lipolysis compared with wild-type islets, which resulted in
significantly reduced TAG levels in transgenic compared with wild-type islets provided the mice have been fed a high-fat diet. Thus, the rate of influx of NEFA
into TAG of the islet LD and the capacity to mobilize this TAG pool seem to determine the emergence of islet lipotoxicity. This is in accord with the recently reported inverse correlation between apoptosis and TAG accumulation in cultured
b-cells, suggesting a cytoprotective function of TAG in cytoplasmic LD formed by
normal b-cells against NEFA-induced islet dysfunction [517]. Moreover, prolonged
high-fat feeding of mice is accompanied by down-regulation of the expression of
islet HSL [518]. Consequently, physiological down-regulation of HSL or pharmacological inhibition of HSL and possibly of other as yet unknown TAG lipases in bcells could be interpreted in terms of the operation of a defense mechanism
against the emergence of NEFA-induced islet cell dysfunction.
In conclusion, HSL degrading TAG of LD in islets seems to exert at least three
different functions in the regulation of insulin secretion and its coupling to external stimuli. (i) In the short-term, upon challenge of b-cells with an insulin secretagogue, HSL is phosphorylated and activated via (glucagon-like peptide 1 and gastric inhibitory polypeptide) receptor/cAMP-dependent mechanisms lipolytically releasing NEFA and/or NEFA derivatives from islet TAG. These may act as acute
stimulus (glucose)-secretion coupling factors for the exocytosis of insulin-containing secretory vesicles. (ii) In the long-term diet-induced NIDDM and the increased influx of NEFA derived from plasma lipoproteins through the action of
LPL and plasma NEFA into b-cells lead to the accumulation of TAG in LD of bcells which apparently exceeds the degradation capacity of the basal HSL. Thus
the low activity state of HSL under these conditions guarantees the storage of
NEFA (derivatives) which potentially compromise the insulin secretory mechanism and induce b-cell apoptosis. (iii) Long-lasting aberrations in the regulation of
lipolytic activity, such as overexpression of HSL, failure to down-regulate HSL during prolonged high-fat feeding or the mass effect of TAG overstorage per se leading to incremental lipolytic release of NEFA even at low constitutive HSL activity,
may result in exceeding a certain threshold level of NEFA flux. This triggers the
lipotoxic pathway, presumably involving binding of NEFA (derivatives) as ligands
to transcription factors, such as PPAR, and other mechanisms. The resulting alterations in the expression of genes regulating insulin secretory vesicle biogenesis
and exocytosis finally lead to dampening of glucose-induced insulin secretion.

11.4.8.2

ALBP

In the absence of ALBP, intracellular concentrations of NEFA unbound to protein
were increased in adipose cells, and basal as well as isoproterenol-stimulated lipolysis is decreased by 40% [519, 520]. These ALBP-deficient rodents showed a normal growth rate, body weight and body composition compared with wild-type lit-
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termates due to functional compensation by the keratinocyte-type FABP [521, 522;
see above]. However, when exposed to a high-fat diet, ALBP null mice developed
diet-induced obesity, reaching a greater total weight gain than the control mice as
a consequence of an increased fat pad weight. Both lean and obese ALBP null
mice displayed normoglycemia and normoinsulinemia, providing evidence for an
uncoupling of obesity from insulin resistance through ALBP deficiency [519, 520].

11.4.8.3

Perilipin

Recently, Arner and coworkers investigated the amount of perilipin protein and lipolysis rates in human subcutaneous adipocytes of non-obese and obese women
[523]. A polymorphism in intron 6 (rs891460 A/G) in the perilipin gene seems to
be associated with a 50% decrease in perilipin expression and increased basal lipolysis (AA vs. GG carriers) in adipocytes of the obese women, which in subjects
matched for body mass index and adipocyte volume was inversely correlated with
the plasma concentrations of NEFA and glycerol and thus may contribute to the
development of insulin resistance. Furthermore, they found two- to four-fold increases in noradrenaline-induced lipolysis [523]. These data also reinforce the role
of perilipin for the regulation of lipolysis in human fat cells.
The participation of perilipin in the regulation of TAG storage and mobilization
has been addressed by knockout approaches from two different experimental
groups [524, 525]. Perilipin-deficient mice showed an increased metabolic rate together with an increased basal lipolytic rate in adipocytes, which confer resistance
to diet-induced obesity. Nonetheless, they were severely impaired in their ability to
respond to b-adrenergic stimulation by an appropriate elevation in circulating
NEFA. Although absence of perilipin resulted in leanness and reversal of obesity
with a ca. 50% decrease in adipose mass and adipocyte size, which was not reflected in the lean body mass (that even increased slightly), it did not affect glucose tolerance [524], even with perilipin ablation being able to worsen peripheral
glucose disposal [525]. Perhaps most surprising is that mice lacking perilipin are
more drastically affected in regard to regulation of FA mobilization than those deficient in HSL (see above). These observations could be explained if perilipin is
not only required to maintain adipose cells in the quiescent state but is also involved in the functional lipolytic activation in adipose cells. To test this hypothesis
experimentally, Londos and coworkers have recently investigated HSL translocation in adipocytes differentiated in vitro from embryonic fibroblasts of wild-type
and perilipin-null mice [526]. Strikingly, they found that HSL fails to translocate
to LD in cells lacking perilipin. Furthermore, introduction of normal perilipin A
but not of an unstimulatable mutant variant (lacking the amino-terminal PKA
phosphorylation sites) into CHO fibroblasts significantly stimulated the PKA-induced translocation of HSL. CHO cells expressing both perilipin and HSL were
able to elicit a greater and more rapid response to a lipolytic stimulus than when
either of these proteins was expressed separately [526]. Thus, the perilipin-null
mice emphasize the two major actions of perilipin: (i) to protect TAG against hy-
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drolysis in the basal state and thus permit TAG storage; and (ii) to facilitate HSL
translocation to LD, leading to hydrolysis of TAG and release of FA in the stimulated state. Interestingly, the perilipin-mediated translocation process does not
seem to depend on additional factors unique to adipocytes since it can be reconstituted by expressing both perilipin A and HSL in CHO fibroblasts. Moreover, phosphorylation of perilipin A at its three most amino-terminal PKA sites is apparently required to promote HSL translocation to LD [526]. Recently, the same
group demonstrated that expression of wild-type perilipin alone, but not of a mutant lacking these PKA sites, in CHO cells increases the sensitivity of lipolysis towards b-adrenergic stimulation [261]. In contrast, LD coated with ADRP from
cells which do not express perilipin (i.e. all with the exception of adipocytes and
steroidogenic cells) neither facilitate HSL binding to the LD surface nor respond
to elevated PKA activity nor are capable to restrain lipolysis to a minimum. The
accelerated lipolytic activity exhibited by perilipin A-coated LD may result from increased accessibility of HSL (or some unknown neutral lipase) to TAG within LD
when perilipin is phosphorylated at its three most amino-terminal PKA sites. Importantly, the binding of HSL to LD seems to be based on its direct interaction
with the TAG substrate since translocation of HSL is blocked upon mutating the
serine residue in its catalytic triad [526].
Two hypotheses have been proposed that reconcile the present data. Phosphorylated perilipin could directly recruit HSL to the LD surface by direct binding to
the enzyme. However, pull-down and two-hybrid experiments did not provide experimental evidence for a direct interaction between perilipin and HSL so far. Alternatively, phosphorylated perilipin may modify the LD surface to indirectly facilitate interaction of HSL with the TAG core within the LD. HSL translocation and
initiation of lipolysis occur within minutes [252]. Initially, HSL and perilipin co-localize on LD but then, within a much longer period, perilipin slowly departs from
large LD, and is subsequently recovered from dispersed, much smaller, LD (see
above). Londos and coworkers recently stated that even after the departure of perilipin, HSL remains bound to the larger LD which now lack perilipin, where it
continues to cleave TAG [526]. Taken together, the present data favor the indirect
mechanism, although the two hypotheses are not mutually exclusive. In any case,
the mechanism underlying the action of phosphorylated perilipin seems to modify the TAG of LD such that it is more effectively presented as a substrate, e.g. by
triggering dispersion of LD upon contact with phosphorylated perilipin leading to
a larger total LD surface area and thereby facilitated access of HSL. It is now generally accepted that protein–phospholipid/cholesterol interactions can modify the
shape of the plasma membrane [527] and this mechanism seems to form the molecular basis for the biogenesis of caveolae (see above), for instance. The operation
of similar mechanisms for neutral lipids seems to be more speculative.
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11.4.8.4

PKA

PKA is a heterotrimer consisting of two regulatory cAMP-binding and two catalytic subunits [528]. Four regulatory isoforms (RIa, RIb, RIIa, and RIIb) and two catalytic isoforms (Ca and Cb) are expressed in the mouse, and each is encoded by a
separate gene. The RIIb subunit is expressed principally in three tissues known to
regulate energy homeostasis: brown adipose tissue, WAT, and brain [528, 529]. It
has been suggested that the induction of PKA in certain tissues may decrease obesity. For example, activation of the adipose-specific b-AR [530], which signals via
PKA, decreased obesity in both genetically obese (ob/ob) [531, 532] and diet-induced obese mice [533], suggesting that signaling mechanisms through this pathway are important in preventing obesity.
Studies in mice lacking RIIb have revealed an unexpected role for this protein
in regulating energy balance [530]. These animals remained remarkably lean even
when challenged with a high-fat diet and had increased metabolic activity, manifested by increases in body temperature, uncoupling protein-1 concentration, and
lipolysis. Biochemical studies [534] have shown that loss of RIIb was compensated
by increased expression of RIa, which is more sensitive to cAMP activation, resulting in a net increase in basal PKA activity, but markedly impaired cAMP-induced
activation of HSL in mutant WAT, yet left cAMP-regulated gene expression relatively unperturbed. The disruption of lipolytic stimulation was seen both in vitro
and in vivo and occurred equally for signaling from the b3-receptor-specific agonist
CL316.243 and a non-specific b-agonist, isoproterenol [531]. It is unlikely that the
signaling defect in RIIb mutant WAT was caused by decreased expression of
either b-AR or HSL, given that mRNA levels for these genes were unaffected.
Conceivably, impairment of lipolytic hormonal response could be a consequence
of the chronic stimulation of basal lipolysis seen in RIIb null mice due to increased basal PKA activity. However, adipocytes from knockout mice deficient in
the G-protein subunit, Gia2, showed a 3-fold increase in basal cAMP levels and an
elevated basal rate of lipolysis but retained normal maximal response to bAR agonists [535]. These studies suggest that increasing basal PKA activity in adipose tissue and brain ameliorates obesity.
In a recent study, wild-type and RIIb null mice maintained on the C57BL/6 genetic background strain were fed a high-fat, high-carbohydrate diet [536], which is
known to induce obesity and diabetes in C57BL/6 mice [537, 538]. RIIb null mice
were resistant to weight gain and hyperinsulinemia [537]. In vivo insulin sensitivity
and glucose disposal were dramatically improved in the RIIb null mice, as were plasma lipid profiles. When mice were corrected for differences in body weight, improved insulin-mediated glucose disposal was still observed in the RIIb null mice,
suggesting an obesity-independent effect of RIIb on promoting insulin resistance
[537]. This suggests that PKA activity in both adipose tissue and brain is important
for determining body composition, food intake and diabetogenic parameters.
It has been speculated that at least some of the elements mediating lipolytic
stimulation (e.g. b-AR, AC, PKA, HSL) be co-localized within adipocytes to facilitate efficient signal transduction, and that lipolytic stimulation is impaired in

299

300

11 Physiological and Pharmacological Regulation of Triacylglycerol Storage and Mobilization

RIIb-deficient rodents because RIIb participates specifically in the formation of
this complex. Previous studies suggest a compartmentalized apparatus that mediates lipolytic stimulation as (i) At any given intracellular cAMP concentration, the
lipolytic response toward catecholamines is greater than toward forskolin, a nonspecific AC activator [539–541]. Hence low concentrations of isoproterenol (~10
nm) can stimulate lipolysis without measurably altering overall cAMP levels,
whereas low concentrations of forskolin (0.1–1.0 lm) increase intracellular cAMP
without affecting lipolysis [541]. (ii) The concentration of isoproterenol or b3-specific agonists required for half-maximal activation of AC activity in adipocyte
membranes is *80-fold greater than the concentration required to activate lipolysis in intact adipocytes [542–544]. (iii) A signaling complex including b2-AR, PKA,
and phosphatases has been isolated that appears to be assembled by the scaffold
protein, gravin [545]. In summary, catecholamines stimulate lipolysis more potently than they increase overall intracellular cAMP, suggesting a preferential association of b-AR, PKA, and perhaps its substrate, HSL, in a “lipolytic” complex.
In numerous cell types, co-localization of key components involved in PKA signaling is accomplished by PKA-anchoring proteins (AKAPs), multivalent binding
proteins that serve as platforms for the assembly of signal transduction modules
[546, 547]. These targeting proteins bind simultaneously to specific sites on the
amino-terminus of R subunits and to discrete subcellular structures. By tethering
PKA at precise intracellular sites, AKAPs ensure that the kinase is exposed to localized changes in cAMP adjacent to appropriate substrates, thus preventing
cross-talk between functionally unrelated PKA signaling units within the same
cell. Although AKAPs have not yet been described in WAT, they have been found
in virtually all other tissues investigated and it seems reasonable to speculate that
AKAPs may facilitate phosphorylation of HSL by PKA in compartment-specific
fashion in fat cells of WAT. Since most mammalian AKAPs identified to date are
strongly RII-specific, PKA-AKAP binding might be disrupted in RIIb mutant
WAT due to the RIIb-to-RIa isoform switch. This alteration could displace the
PKA holoenzyme from local waves of cAMP generated by b-AR agonists and/or
from HSL, which would explain the blunted lipolytic response to adrenergic stimuli in mutant WAT. Indeed, disruption of RII-AKAP binding has resulted in diverse functional consequences in other model systems [548, 549].

11.4.8.5

ASP

Since mice lacking complement C3 can not produce ASP, C3 gene knockout mice
are consequently ASP-null animals. ASP null mice show a reduced WAT weight,
distributed evenly through all depots in females while primarily affecting gonadal
and perirenal localizations in males, as well as reduced body fat [550, 551]. In addition, male mice have delayed TAG clearance [551]. The reduced adipose mass
was accompanied by hypoleptinemia with a modest increase in food intake. When
fed on either a low-fat or high-fat diet male ASP null mice showed no differences
in body weight compared with wild-type animals. Female ASP null mice, however,
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had a decreased body weight compared with their wild-type counterparts [550,
551]. The relatively mild phenotype of these mice suggests a minor role of ASP in
TAG storage and mobilization control or the existence of compensatory mechanisms rescuing part of the physiological function of ASP.
Very recently, the effect of ASP deficiency has been examined in ob/ob mice,
which are leptin-deficient. The ob/ob mice have been used to test for protection
from obesity in several double knockout models (for a review see Ref. [119]). In
most cases, the decrease in body weight, which was evident in the single knockout, was enhanced when examined on the background of the ob/ob obese mouse
model. Compared with age-matched ob/ob mice, ob/ob C3 null mice had delayed
postprandial TAG and FA clearance, associated with decreased body weight and
according to the homeostasis model assessment index increased insulin sensitivity. By contrast, food intake in the double-knockout mice was slightly elevated
compared with ob/ob mice. The hyperphagia/leanness was balanced by a significant increase in energy expenditure and oxygen consumption. These results suggest that the ASP regulation of energy storage may influence energy expenditure
and dynamic metabolic balance.
Since ASP increases TAG synthesis and re-esterification [409, 422] and decreases intracellular TAG mobilization, such as norepinephrine-stimulated NEFA
release from fat cells as well [422], the effect of ASP, at least in adipose tissue, is
to effectively decrease substrate cycling and increase TAG storage. ASP deficiency
could possibly release the brake on this cycling process, allowing for increased
substrate cycling and augmenting energy expenditure. This pattern is different to
that observed for insulin, which had marked effects on both lipolysis and fractional NEFA re-esterification. When fat cells were incubated with maximally effective concentrations of each protein, ASP inhibited NEFA release during lipolysis
to a lesser degree than insulin, whereas it stimulated fractional NEFA re-esterification to the same, or even greater, extent as insulin [422].

11.4.8.6

Caveolin

Caveolin null mice shed additional light onto the proposed new roles of caveolin
and caveolae in TAG storage and mobilization (see above). Caveolin-1 null mice
were found to store less TAG in WAT than control mice [552]. This defect led to
resistance to diet-induced obesity and to increased blood concentrations of NEFA
and TAG. Because caveolin can be recovered with LD, at least under certain experimental conditions (see above), it is tempting to speculate that the lack of caveolin interferes with normal LD biogenesis or enables HSL to gain access to
TAG in the LD core. Alternatively, in the absence of caveolin-1 adipocytes lack
functional caveolae and this could lead to diminished FA uptake. As the flux of
FA into primary adipocytes and 3T3-L1 adipocytes follows saturatable kinetics
[553], facilitated membrane transport has been proposed as the uptake mechanism. Interestingly, labeling of membrane proteins with photoreactive long-chain
FA identified caveolin-1 as the major FA-binding protein in adipocytes [554, 555].
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Together with the demonstrated association of the caveolins with LD (see above),
it is possible that caveolae and the caveolins act as portals for the uptake and
transport of FA to LD. However, it cannot be excluded that the negative effect of
missing caveolin-1 on TAG storage is secondary to impairment of insulin signaling to the glucose transport system and the resulting reduction of glucose uptake
and FA esterification. Caveolae and lipid rafts act as scaffolding platform for the
so-called Cbl-CAP pathway that is required for insulin stimulation of glucose
transport in addition to the IRS-PI3K pathway (for a review see Refs. [495, 556]).

11.5

Concluding Remarks

The experimental evidence for involvement of aberrant (with regard to amount
and/or localization) intracellular storage of TAG in LD of various tissues (muscle,
liver, heart and pancreas) and dysregulated mobilization of FA from TAG in LD of
adipose tissue in the development of the metabolic syndrome and further on to
frank NIDDM is increasing steadily. Consequently, the appropriate down-regulation of unrestrained TAG mobilization seems to represent a promising mode of
action for future antidiabetic drugs which encompass three different levels of molecular mechanisms, each engaging several potentially interesting molecular targets as discussed in the preceding chapters:
1. Direct inhibition of TAG degradation by blockade of the catalytic activity of
HSL or its physical interaction with TAG or by increasing the sensitivity of
HSL for feedback inhibition by FA or by down-regulation of HSL expression.
2. Inhibition of the translocation of HSL from the cytosol to LD, for instance, by
upregulation of perilipin expression or blockade of PKA-dependent phosphorylation of HSL and perilipin, or enhancement of the HSL-lipotransin interaction during inhibition of the lipotransin ATPase.
3. Positive or negative interference with signaling cascades mediating hormonal
control of lipolysis at the receptor or post-receptor level, for instance, by triggering insulin receptor-independent tyrosine phosphorylation of insulin receptor
substrates and downstream signaling along the PI3K pathway during direct
(glimepiride) or receptor-mediated (phosphoinositolglycans) interaction with
DIGs, or by blockade or activation, respectively, of stimulatory or inhibitory
GPCRs or by upregulation/down-regulation of the expression of corresponding
Gi/s proteins.
Each of these mechanisms and targets offers putative advantages or raises potential issues for drug discovery with regard to
1. higher mechanistic selectivity (receptors, HSL activity and translocation, lipotransin ATPase vs. signaling components, transcription factors);
2. higher tissue specificity (receptors vs. HSL activity, transcription factors, signaling components);
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3. higher probability for the identification of small drug-like chemical entities
(receptors, HSL activity, lipotransin ATPase vs. binding of HSL to LD, interaction between signaling components, transcription factors);
4. better technical feasibility of a screening approach (receptor, HSL activity, lipotransin ATPase, transcription factors/gene expression vs. HSL translocation
and interaction with lipotransin, interaction between signaling components);
5. less side effects concerning long-term treatment and desensitization (HSL activity, translocation and down-regulation vs. receptors, signaling components).
Not surprisingly, agonists/antagonists for receptors and enzyme inhibitors comprise by far the major portion of drugs currently on the market. But a consequent
and careful analysis of the criteria mentioned above for each putative molecular
target/mechanism will be helpful to identify the most attractive projects for the
discovery of drugs modulating TAG storage and mobilization. The modern and
powerful methods for generation and optimization of lead compounds by a combination of random, i.e. high-throughput-screening based, and rationale, i.e. structure-based, approaches (Chapter 3) will undoubtedly support the finding of drugs
that operate at the different known levels of regulation of TAG storage and mobilization.
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