
DIABETES, VOL. 48, SEPTEMBER 1999 1691

L o n g - Term Regulation of Lipolysis and 
Hormone-Sensitive Lipase by Insulin and Glucose
Leida M. Botion and Allan Green

Adipocyte glucose transport can be impaired by pro-
longed hyperglycemic conditions. However, at the
whole body level, lipolysis is quantitatively a more
important function of adipocytes than glucose uptake.
We have therefore investigated the effect of prolonged
high glucose and insulin on adipocyte lipolysis in basal
conditions or with maximal concentrations of adenosine
deaminase (ADA), dibutyryl cyclic-AMP (dbcAMP), or
isoproterenol (ISO). Neither insulin nor glucose alone
a ffected basal or maximally stimulated lipolysis. How-
e v e r, insulin plus glucose increased the rate of ADA-,
dbcAMP-, and ISO-stimulated lipolysis by 40–65%, and
the effect was maximal by 8 h. When insulin was kept
constant, the half-maximally effective concentration
( E C5 0) of glucose was ~2.5 mmol/l. We also demon-
strated that the effect is not glutamine-dependent and
does not induce insulin resistance of lipolysis. Because
the effect of insulin and glucose was evident whether
lipolysis was stimulated by ADA, dbcAMP, or ISO, we
hypothesized that the expression of the rate-limiting
enzyme for lipolysis, hormone-sensitive lipase (HSL),
was increased. Our results show that insulin plus glu-
cose-treated cells contain ~40% more HSL protein than
control cells, in good agreement with the increase in
maximally stimulated lipolysis. We conclude that
hyperglycemic-hyperinsulinemic conditions increase
basal and maximal adipocyte lipolysis by a mechanism
that is not glutamine-dependent and involves mainte-
nance of cellular concentrations of HSL. The results
also provide evidence that factors other than translo-
cation of HSL to the lipid droplet are necessary to acti-
vate the enzyme. D i a b e t e s 48:1691–1697, 1999

I
t is well established that adipocyte glucose transport
can be impaired by prolonged hyperglycemic condi-
tions (1–5), which can induce or worsen insulin resis-
tance (6). Adipocytes incubated in primary culture in

media containing glucose, insulin, and amino acids develop
glucose dose–dependent insulin resistance of glucose trans-

port (3,7–9), by mechanisms that include impairment of
insulin signaling and responsiveness and recruitment of
fewer glucose transporters to the plasma membrane in
response to insulin (3,8).

Although these are important findings, it raises the question
of whether other functions of adipocytes are impaired. At the
whole body level, lipolysis is quantitatively a more important
function of adipocytes than glucose uptake because adipose
tissue is the major regulator of the supply of lipid energy to
tissues during fasting.

The rate-limiting step of adipose tissue lipolysis is the
hydrolysis of triacylglycerol by hormone-sensitive lipase
(HSL). Acute activation of HSL has been shown to be con-
trolled by phosphorylation/dephosphorylation events, which
are regulated by the respective activities of cAMP-depen-
dent protein kinase (PKA) and protein phosphatase (10).
Lipolytic hormones, such as catecholamines, cause an acti-
vation of PKA that phosphorylates and activates HSL (11,12).
The enzyme is subject to complex activity regulation involv-
ing multisite phosphorylation. Phosphorylation of Ser- 5 6 3
and Ser-565 in HSL have been shown to be mutually exclusive,
and phosphorylation of Ser-565 has been shown to inhibit sub-
sequent phosphorylation and activation by PKA (13). Most
r e c e n t l y, it was reported that phosphorylation sites other
than that previously identified are phosphorylated in HSL in
response to isoproterenol stimulation of rat adipocytes (14).
Using site-directed mutagenesis, it was possible to elucidate
that sites Ser-659 and Ser-660 are critical activity-controlling
sites in the activation of HSL upon phosphorylation with
PKA, whereas Ser-563 plays a minor role in direct activation
of HSL (14). They also showed that the phosphorylation state
of Ser-660 is presumably more important in adipocytes at
maximal lipolysis (14). Insulin, in contrast, prevents HSL
phosphorylation and activation by lowering cAMP levels and
activity of cAMP-dependent protein kinase (12,15,16). In
adipocytes, insulin-mediated reduction of cAMP/cAMP-
dependent protein kinase is mainly mediated through phos-
phorylation of Ser-302 (17) and activation of phosphodi-
esterase 3B (PDE 3B) (18). Recent studies strongly suggest
that the insulin-stimulated kinase that phosphorylates PDE 3B
in vitro is protein kinase B (19). It has also been observed that
on lipolytic stimulation, HSL translocates from the cytosol to
the lipid droplet (20,21) by a mechanism involving redistrib-
ution of perilipins (a family of proteins found tightly bound
to the limiting surface of the lipid droplet) from fat cake to
cytosol (22,23). Conversely, insulin redistributes HSL back to
the cytosol and promotes a shift of perilipin from the cytosol
back to fat cake (22,23).

Although it is well established that glucose and insulin can
chronically regulate the glucose transport system in isolated
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adipocytes (3,24,25), little information exists about regulation
of lipolysis by these agents. It has been shown that at least
some of the regulatory effects of glucose on cellular metab-
olism are mediated by the hexosamine biosynthesis path-
w a y, in which fructose-6-phosphate is converted to glu-
cosamine-6-phosphate with glutamine acting as the donor
of its amido group (8). Other studies strengthened the
hypothesis and currently support the idea that glucosamine
flux results in transcriptional regulation of a number of genes
relevant to glucose homeostasis in hepatocytes (26,27). Thus,
we decided to investigate the effect of prolonged high glucose
and insulin on adipocyte lipolysis and the effect of glutamine
on this metabolic process.

RESEARCH DESIGN AND METHODS

Materials. Porcine monocomponent insulin from Eli Lilly (Indianapolis, IN);
bovine serum albumin (BSA) (Bovuminar Reagent Pure Powder; Intergen, Pur-
chase, NY); collagenase from Worthington (Freehold, NJ); [U-1 4C]glucose, 2-
d e o x y - [3H]glucose from NEN-DuPont (Boston, MA); Dulbecco’s modified Eagle’s
medium (DMEM) from Gibco (Grand Island, NY); fetal bovine serum from
Hyclone (Logan, UT); Safety-Solve from Research Products International (Mount
Prospect, IL); and other reagent grade chemicals from Sigma (St. Louis, MO) were
used in this study.
Animals. Male Sprague-Dawley rats weighing 200–270 g were purchased from Har-
lan (Indianapolis, IN) and maintained on a 12-h light-dark cycle.
Primary culture of adipocytes. Adipocytes were isolated under sterile condi-
tions from epididymal fat pads by the method of Rodbell (28) and maintained in
primary culture according to the method of Marshall and colleagues (1,3,7) for var-
ious times (0–24 h) in DMEM formulated without glucose and containing 
1 mmol/l sodium pyruvate, 25 mmol/l HEPES, 2% fetal bovine serum, 20 U/ml peni-
cillin, 20 mg/ml streptomycin, and 1% BSA. Isolated adipocytes were diluted
(1:120 wt/vol) and placed in sterile airtight polypropylene tubes with cells flo a t-
ing on top of the medium in a thin cell layer and incubated in glucose-free DMEM
(control) or 25 ng/ml insulin (I), 20 mmol/l glucose (G), or both (I + G). Insulin
and glucose concentrations used in these experiments were reported to be max-
imally effective in the induction of desensitization of the glucose transport sys-
tem (3). In some experiments, the cells were incubated in DMEM with or with-
out glutamine. After incubation, cells were washed three times with cold buffer
containing 137 mmol/l NaCl, 5 mmol/l KCl, 4.2 mmol/l NaHCO3, 1.3 mmol/l CaCl2,
0.5 mmol/l MgCl2, 0.5 mmol/l MgSO4, 0.5 mmol/l KH2P O4, 20 mmol/l HEPES (pH
7.4), and 1% BSA.
Lipolysis assay. Lipolysis was measured by following the rate of glycerol release, as
described previously (29). At the end of the incubation period, cells were washed as
described above, incubated at 37°C for 30 min and treated as indicated in R E S U LT S.
Determination of hydrolysis of newly synthesized triacylglycerol. A f t e r
preincubating cells for 16 h in DMEM containing 5 mmol/l [U-1 4C]glucose 
(10 nCi/ml) and 25 ng/ml insulin, cells were washed to remove radioactivity, and lipol-
ysis was measured for various times (0–2 h) in the presence of 1 µmol/l isoproterenol.
At the end of the incubation period, 400 µl of cell suspension was transferred to plas-
tic microtubes containing silicone oil (100 µl) and centrifuged for 30 s. The tubes
were cut through the middle of the oil layer, and the radioactivity present in the incu-
bation medium (aqueous phase) was determined by the addition of Safety-Solve
(aqueous cocktail with high counting efficiency) and used as a lipolysis index.
After stimulating adipocytes with isoproterenol, the lipolytic products released in
the incubation medium are glycerol and free fatty acids. Using aqueous cocktail, we
have detected mainly [1 4C]glycerol released into the incubation media.
Q u a n t i fication of HSL. Adipocytes were incubated in glucose-free DMEM (con-
trol) or DMEM containing insulin plus glucose (I + G) for 0 or 16 h and then
washed with phosphate-buffered saline (PBS) and dissolved in Laemmli sample
buffer (30). To determine the subcellular distribution of HSL, adipocytes were incu-
bated in glucose-free DMEM (control) or DMEM containing insulin plus glucose
(I + G) for 0 or 16 h. At the end of the incubation period, the cells were washed in
cold buffer (137 mmol/l NaCl, 5 mmol/l KCl, 4.2 mmol/l NaHCO3, 1.3 mmol/l CaCl2,
0.5 mmol/l MgCl2, 0.5 mmol/l MgSO4, 0.5 mmol/l KH2P O4, 20 mmol/l HEPES, and
1% BSA) and incubated at 37°C in basal conditions or in the presence of 1 µmol/l
isoproterenol. After 30 min, cells were washed with PBS and homogenized, and
cell fractions were extracted according Holm et al. (31). The extracts were
resolved on SDS-PAGE (8% gels) and Western blotted with antiserum against a
recombinant HSL fusion protein, as described previously (32). Densitometric
analysis of enhanced chemiluminescence–detected Western blots allowed a quan-
titative measurement of the enzyme and its subcellular distribution. A previous
study (32) demonstrated that the amount of extract added is within the linear range.

Glucose transport assay. After incubation, adipocytes were washed and sus-
pended in the buffer containing 137 mmol/l NaCl, 5 mmol/l KCl, 4.2 mmol/l
N a H C O3, 1.3 mmol/l CaCl2, 0.5 mmol/l MgCl2, 0.5 mmol/l MgSO4, 0.5 mmol/l
K H2P O4, 20 mmol/l HEPES (pH7.4), and 1% BSA and uptake of 2-deoxy-[3H ] g l u-
cose (2-DOG) was used as an assay to determine the effect of insulin on the rate
of glucose transport (33).
Lipogenesis. After incubation of adipocytes for 16 h in DMEM containing 
5 mmol/l [U-1 4C]glucose (10 nCi/ml) and 25 ng/ml insulin, incorporation rates in
total lipids were measured by transferring 400 µl of the cell suspension to plas-
tic microtubes containing 100 µl of silicone oil. After centrifuging for 30 s, the tubes
were cut through the middle of the oil layer, and the extraction and counting of
the lipids was done by adding a toluene-based scintillation fluid [5 g of dipheny-
loxazol, 50 mg of 1,4-bis-2.2 (4 methyl-5-phenoloxazolyl)benzene per liter of
toluene] to the cells. Radioactivity detected by this method was used as an index
of triacylglycerol synthesis (34). This very simple technique is possible because
the toluene extracts the total lipids, which are therefore counted with high effi-
c i e n c y, whereas the water-soluble metabolites remain in the water phase and are
not counted to a significant degree (34). The rate of conversion of [U-1 4C ] g l u c o s e
to 1 4C-labeled lipids is very similar to total radioactivity associated with the cell
pellet in the presence of 5 mmol/l glucose (35).
Statistical analysis. All experiments were repeated at least three times on dif-
ferent days. Statistical analysis was, as appropriate, by paired t test or one-way
analysis of variance followed by the Tukey test for pair-wise comparisons of
treatment groups with the use of SigmaStat 2.0 (Jandel).

R E S U LT S

To determine the effect of prolonged incubation with insulin
and glucose on lipolysis, adipocytes were incubated in primary
culture for up 16 h in glucose-free media (control) or in the
presence of 25 ng/ml insulin (I ) or 20 mmol/l glucose (G ) or
both (I + G). After incubation, the cells were washed, and lipol-
ysis (glycerol release) was measured over 30 min with no addi-
tions, or with maximal concentrations of adenosine deaminase
(10 µg/ml), isoproterenol (1 µmol/l), or dbcAMP (2 mmol/l).
As shown in Fig. 1, neither insulin nor glucose alone had any
effect on maximally stimulated lipolysis when compared with
the control group. However, combined treatment with insulin
plus glucose led to a significant increase by 43% in adenosine
deaminase, 40% in isoproterenol, and 65% in dbcAMP-stimu-
lated lipolysis in relation to the control group. When compared
with insulin- or glucose-pretreated groups, the increase was
70 and 14% in adenosine deaminase, 75 and 27% in isopro-
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FIG. 1. Effects of preincubation with insulin and glucose on stimulated

lipolysis. Adipocytes were preincubated for 16 h in glucose-free media

(control) or in the presence of 25 ng/ml insulin (I), 20 mmol/l glucose

(G), or both (I + G). Cells were then washed in glucose and insulin-

free buff e r, and basal, ADA, ISO, or dbcAMP-stimulated lipolysis was

measured for 30 min. Data represent means ± SE. *P < 0.05, I + G ver-

s u s control and insulin; **P < 0.05, I + G basal versus control basal.
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terenol, and 70 and 26% in dbcAMP-stimulated lipolysis,
r e s p e c t i v e l y. The simultaneous presence of insulin plus glu-
cose during 16 h of incubation increased the basal lipolytic rate
by 66% compared with that found in control and insulin-
treated cells. Taking into account the increase in basal lipol-
ysis, there is a difference in the level of stimulation of I + G
compared with controls only in adipocytes stimulated with
d b c A M P. These findings demonstrate that the combination of
insulin and glucose leads to an increase in the rate of basal and
stimulated lipolysis.

To determine the effective concentration of glucose, we
incubated cells with insulin plus various concentrations of glu-
cose for 6 h, and then glycerol release was measured in the
presence of adenosine deaminase, whose effect on lipolysis
is similar to that observed with other stimulating agents 
(Fig. 1). As can be seen in Fig. 2, increasing glucose concen-
trations led to a progressive increase in glycerol release and
the half-maximally effective concentration (EC5 0) values
were ~2.5 mmol/l glucose.

To investigate the time course of the effect of insulin plus
glucose on lipolysis, adipocytes were cultured for various
times in glucose-free media (control) or in the presence of
25 ng/ml insulin plus 20 mmol/l glucose (I + G). After various
times, the cells were washed, and maximal lipolytic rates
were measured by acutely stimulating the cells with 
2 mmol/l dbcAMP. As can be seen in Fig. 3, a 43% increase in
glycerol release in treated cells is apparent at 4 h of incuba-
tion and remained constant up to ~24 h. In control cells, the
rate of glycerol release did not change appreciably over the
24-h incubation.

Cells incubated with insulin plus glucose for prolonged
periods would be expected to have high rates of triacylglyc-
erol synthesis. Therefore, a possible explanation for the
increased rate of lipolysis after these treatments may be that
newly synthesized triacylglycerol is more readily hydrolyzed
than existing triacylglycerol. To investigate this possibility, we
performed the experiments illustrated in Fig. 4. Adipocytes
were incubated with insulin (25 ng/ml) and 5 mmol/l glucose
plus 10 nCi/ml [U-1 4C]glucose for 16 h. The cells were then
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FIG. 2. Dose-response curve for glucose effects on adenosine 

deaminase–stimulated lipolysis. Cells were preincubated in media

containing 25 ng/ml insulin and the indicated D-glucose concentrations

for 6 h. Then the cells were washed in glucose and insulin-free buff e r,

and adenosine deaminase–stimulated lipolysis was measured for 30

min. Data represent means ± SE. *P < 0.05.

FIG. 3. Time course for the effect of insulin plus glucose on lipolysis.

Adipocytes were preincubated in glucose-free media (control) or with

25 ng/ml insulin and 20 mmol/l glucose (I + G) for the times indicated.

Then the cells were washed in glucose and insulin-free buff e r, and

dbcAMP-stimulated lipolysis was determined. Data represent means

± SE. *P < 0.05, control versus I + G.

FIG. 4. Relationship between newly synthesized triacylglycerol (TG)

and lipolysis (A) and percent of hydrolysis of newly synthesized and

stored triacylglycerol (B). Adipocytes were incubated with insulin ( 2 5

ng/ml) and 5 mmol/l glucose, plus 10 nCi/ml [U-1 4C]glucose for 16 h, a n d

the rate of incorporation in triacylglycerol and hydrolysis products was

measured as described in M E T H O D S. Glycerol release was determined

at intervals after incubation of adipocytes with 1 µmol/l isopro-

terenol. Percent of hydrolysis of newly synthesized triacylglycerol

was calculated in relation to radioactive hydrolysis products, and

percent of stored triacylglycerol was calculated in relation to glycerol

release. Data represent means ± SE.
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washed and incubated with 1 µmol/l isoproterenol, and at
intervals, radioactivity released into incubation medium was
determined (see M E T H O D S). This allowed us to calculate the
percent hydrolysis of newly synthesized triacylglycerol. Per-
cent of stored triacylglycerol was calculated in relation to total
glycerol release. Total cellular triacylglycerol was estimated
from the weight of the cells, assuming that 90% of the cells are
triacylglycerol and the average molecular weight of triacyl-
glycerol is 885.4. This experiment demonstrated that the rate
of hydrolysis of newly synthesized triacylglycerol is lower
than the rate of hydrolysis of stored triacylglycerol and,
therefore, that the newly synthesized triacylglycerol is not
preferentially hydrolyzed. Therefore, there must be another
explanation for the effect of insulin plus glucose on maximal
lipolytic rate.

Previous studies (7–9) have demonstrated a regulatory
role for glutamine in desensitization of the glucose transport
system in adipocytes incubated with high insulin and glu-
cose. Therefore, further studies were performed to examine
whether this amino acid was involved in the alterations
observed on lipolytic rates. Adipocytes were cultured for 
16 h in glucose-free media (control) or in the presence of
insulin plus glucose, with or without glutamine. Consistent

with previous reports, insulin plus glucose resulted in desen-
sitization of the glucose transport system only when glutamine
was present in the incubation medium (Fig. 5A). To determine
if the effect of insulin plus glucose on lipolysis is dependent
on glutamine, we performed the experiments illustrated in 
Fig. 5B. Unlike the glucose transport system where gluta-
mine induced a fall in maximal responsiveness, glutamine had
no effect on the ability of insulin plus glucose to regulate lipol-
ysis, i.e., insulin plus glucose increased the rate of lipolysis
independently of the presence of glutamine in the media.

To examine the insulin sensitivity of lipolysis and glucose
uptake, adipocytes were incubated in media with or without
glutamine in the presence of insulin plus glucose for 16 h. The
cells were then washed, and the effect of insulin on lipolysis
(Fig. 6A) and on glucose transport (Fig. 6B) were measured.
As shown in Fig. 6A, the insulin sensitivity of lipolysis was not
altered by the presence or absence of glutamine. Conversely,
the presence of this amino acid in the incubation media
decreased the insulin sensitivity of adipocyte glucose trans-
port, as revealed by a decrease in basal and in the maximally
stimulated rate, as has been reported by others (8,9).

Because the effect of insulin plus glucose was evident
whether lipolysis was stimulated by adenosine deaminase,
d b c A M P, or isoproterenol, we hypothesized that expression
of the rate-limiting enzyme for lipolysis, HSL, was increased.
Adipocytes were incubated for 0 or 16 h in glucose-free
media (control), or in the presence of insulin plus glucose, and
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FIG. 5. Effects of L-glutamine on glucose transport (A) and lipolysis

(B). Adipocytes were cultured in media containing 25 ng/ml insulin

plus 20 mmol/l glucose in the absence or presence of L- g l u t a m i n e .

After 16 h, cells were washed and dbcAMP-stimulated lipolysis was

measured for 30 min. Rates of glucose transport were determined by

acutely restimulating cells with 25 ng/ml insulin for 30 min and then

measuring the 2-DOG uptake during a 3-min assay. The data represent

means ± SE. *P < 0.05, control versus I + G; **P < 0.05, I + G (+) 

glutamine versus I + G (–) glutamine.

FIG. 6. Effects of L-glutamine on insulin sensitivity of the lipolytic (A)

and glucose transport (B) systems. Adipocytes were treated with

insulin plus glucose, with or without glutamine, as in Fig. 5 and

washed. The effects of insulin on dbcAMP-mediated lipolysis and 

2-DOG uptake were determined by constructing dose-response curves

using 0–25 ng/ml insulin. The data represent means ± SE. *P < 0.05, 

I + G (+) glutamine versus I + G (–) glutamine.
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then extracted and analyzed on Western blots using an anti-
serum against a rat HSL fusion protein (32). As can be seen
in Fig. 7, two immunoreactive bands were detected in all
groups. In addition, no change in HSL levels was observed
after 16 h of incubation in cells treated with insulin plus glu-
cose in relation to preincubation levels (C0 and I + G0
groups), while control cells showed a decrease by 40% when
compared with preincubation levels.

Next we investigated the subcellular distribution of HSL,
since it has been demonstrated that the enzyme translocates
from the cytosol to the fat cake upon lipolytic stimulation
(20,21). The results in Fig. 8 show that in control adipocytes
without preincubation (control0) in basal conditions, the dis-
tribution of HSL is similar in supernatant and fat cake, but
after stimulation with 1 µmol/l isoproterenol, an increased
amount of HSL was found associated with the fat cake. Sim-
ilar results were obtained for treated cells without preincu-
bation (data not shown). After 16 h of incubation, the amount
of the enzyme decreased in control cells, both in unstimulated
and stimulated conditions, and showed an increased amount
of HSL associated with the fat cake. In relation to treated cells,
the total levels of enzyme (supernatant plus fat cake) did
not change when compared with preincubation levels, and a
predominant distribution of enzyme in the fat cake was
observed in basal and stimulated conditions.

D I S C U S S I O N

In the present study, chronic regulation of lipolysis has been
investigated in rat adipocytes maintained in primary culture.
The findings demonstrated that prolonged treatment of
adipocytes with high glucose and insulin concentrations
increases basal and stimulated lipolysis. The mechanisms
responsible for the increased rate of lipolysis in adipocytes
treated with high glucose and insulin concentrations are not
c l e a r. However, hyperglycemia and hyperinsulinemia are fre-
quent findings in obesity and in type 2 diabetes, which are also
associated with increased rates of lipolysis (36,37). One pos-
sibility is glycosylation of proteins involved in the lipolytic cas-

cade because it has been reported that high concentrations
of glucose damage cells through nonenzymatic glycosyla-
tion of proteins and accumulation of advanced glycosylation
end products (38,39).

Considering that treated cells were incubated in the pres-
ence of high glucose and insulin concentrations while control
cells were not, the content of newly synthesized triacylglyc-
erol in treated cells was possibly higher than that in control
cells, providing more substrate for HSL and consequently
increased lipolysis. Our data indicated that stored triacyl-
glycerol is preferentially hydrolyzed by HSL, excluding the
possibility that increased triacylglycerol content in treated
cells could promote an increase in lipolytic rate.

Many studies (3,8,24,25) have demonstrated that high lev-
els of glucose and insulin induce insulin resistance of the glu-
cose transport system and that this effect requires the simul-
taneous presence of glutamine (3,7–9). This is believed to be
caused by the routing of incoming glucose through the hex-
osamine biosynthesis pathway (8,9). Therefore, we decided to
investigate whether glutamine is required for the effect of
glucose and insulin on lipolysis. Our results demonstrate that
the insulin plus glucose-induced lipolysis is not glutamine-
dependent. At the whole body level, lipolysis is quantitatively
much more important in adipose tissue than glucose transport.
Therefore, we felt that it was important to determine whether
these mechanisms are operative in development of cellular
resistance to the antilipolytic effect of insulin. We found that
the presence of glutamine in the culture medium did not alter
the ability of insulin to inhibit lipolysis. This finding indicates
that the well-documented effect of the hexosamine pathway
on insulin sensitivity is not universal to all insulin actions and
that the effect of insulin on lipolysis is unaffected.

Because the lipolytic response to insulin plus glucose was
similar in basal or stimulated conditions, we hypothesized that
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FIG. 7. Adipocyte HSL. Adipocytes were incubated in glucose-free

media (C) or in the presence of insulin plus glucose (I + G) for 0 or 16

h. Cells were then washed, and relative concentrations of HSL were

measured by Western blot and analyzed by laser densitometry. Densi-

ties of both bands together were reported. The inset above the bars

shows representative examples of immunoblots of HSL from control or

experimental groups. C0, control at time zero; I + G0, treated group at

time zero; C1 6, control after 16 h of incubation; I + G, treated group

after 16 h of incubation. The data represent means ± SE. *P < 0.05.

FIG. 8. Subcellular distribution of HSL. Isolated adipocytes were

incubated for 0 or 16 h in glucose-free DMEM (control) or in the

presence of insulin plus glucose (I + G). HSL levels were measured in

basal conditions or in the presence of 1 µmol/l isoproterenol. After 

30 min of incubation, cells were washed and homogenized, cell frac-

tions were extracted, and relative concentrations of HSL were meas-

ured by Western blot and analyzed by laser densitometry. The insets

above the bars are representative immunoblots of subcellular fractions

of HSL. S, supernatant; FC, fat cake; ISO, isoproterenol. The data rep-

resent means ± SE. *P < 0.05, control0 versus control1 6.
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expression of HSL, the rate-limiting enzyme for lipolysis, was
increased. Our results show two immunoreactive bands: a
major band previously identified at ~84 kDa and a minor
upper band also previously identified (33,40,41). The nature
of the two different forms of the enzyme in the rat adipocytes
detected in these studies is unknown. However, they do not
appear to represent lipase at different states of phosphoryl-
ation (40). Our results also show a decrease in HSL levels in
control cells after 16 h of incubation, with no change in
treated cells, when compared with levels of the enzyme
before incubation. Relevant to our studies is a recent report
(42) indicating that exposure of 3T3-F442A adipocytes for 
32 h to a medium without glucose led to a decrease in HSL
mRNA and HSL total activity. The molecular mechanisms
underlying the effect of glucose on HSL gene expression are
unknown. It has been demonstrated that glucose can
increase gene expression by increasing mRNA stability and
by the rate of transcription (42). Alternatively, Kang et al.
(43) have shown that chronic exposure of adipose tissue to
high concentrations of insulin increases the subsequent
lipolytic response of this tissue to b-agonists. Other studies
show that insulin has no effect on HSL gene expression (44).
Thus, our results and that from Raclot et al. (42) suggest that
glucose could participate in the regulation of adipose tissue
lipolysis by modulation of HSL gene expression.

The lower levels of HSL in control cells after 16 h of incu-
bation contrast with the rates of lipolysis in intact cells,
which were constant over 24 h of incubation. In previous stud-
ies (20,21), it was proposed that HSL gains increased access
to substrate upon phosphorylation by translocating from the
cytosol to the lipid storage droplet by a mechanism involving
the translocation of perilipins away from the fat cake (22,23).
Other studies demonstrate that expression of perilipins is
closely linked to the storage of neutral lipids in adipocytes and
steroidogenic cells, and inhibition of triacylglycerol deposi-
tion concomitantly inhibits perilipin accumulation in differ-
entiating 3T3-L1 adipocytes; fatty-acid supplementation
restores triacylglycerol synthesis and perilipin accumulation
(45). Considering that our control cells were incubated with-
out glucose, an explanation for the findings may be that these
cells have low rates of triacylglycerol synthesis and conse-
quently perilipin accumulation, which could increase HSL
access to the lipid droplet and promote lipid hydrolysis. Our
results also show an increased amount of HSL associated with
the fat cake after lipolytic stimulation, as previously
described (20–23), and more HSL was found associated with
the fat cake in basal groups after 16 h of incubation, in rela-
tion to control preincubation. The data suggest a transloca-
tion of HSL from the cytosol to the lipid droplet during 16 h
of preincubation. The distribution of HSL in control cells
stimulated with isoproterenol at time zero is similar to
insulin plus glucose–treated cells at 16 h, which also contrasts
with the rates of lipolysis. The exact activation mechanism of
HSL is poorly understood, but it presumably involves both
translocation of HSL (20,21) and conformational changes in
the HSL molecule. Current evidence suggests that the per-
ilipins not phosphorylated by PKA provide a barrier against
hydrolysis by neutral lipid lipases, and this barrier is removed
upon phosphorylation by PKA (22). It is possible that differ-
ent phosphorylation sites in HSL and the degree of perilipin
phosphorylation play different roles in the process of translo-
cation and increase in specific activity of HSL (14).

In conclusion, we observed that long-term exposure of
adipocytes to high insulin and glucose concentrations
increases the rate of lipolysis, which is independent of the
presence of glutamine in the incubation media. This effect
involves maintenance of cellular concentrations of HSL and
provides evidence that factors other than translocation of HSL
to the lipid droplet are necessary to activate the enzyme. In
addition, we have found that the well-established effect of glu-
cose and insulin to induce resistance of glucose transport does
not alter the insulin sensitivity of lipolysis.
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