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Abstract

Hormone-sensitive lipase (HSL) is a cytosolic neutral lipase
that hydrolyzes intracellular stores of triglycerides within
adipocytes and is thought to be the rate limiting enzyme in
lipolysis; however, direct evidence to prove this concept has
been lacking. The present study was designed to establish
the function of HSL in adipocytes. A 2360-bp fragment con-
taining the entire HSL coding region was cloned into the
vector pCEP4 and was used to transfect the 3T3-F442A
adipogenic cell line. Nondifferentiated, transfected cells
were screened for HSL overexpression by indirect immuno-
fluorescence microscopy and confirmed by immunoblotting
cell extracts with anti-HSL/fusion protein antibodies and
by Northern blots for HSL. mRNA. Stable transfectants
overexpressing HSL. were obtained and cloned. Compared
with undifferentiated 3T3-F442A cells transfected with
pCEP4 not containing the insert (vector alone) where HSL
expression was very low, undifferentiated HSL transfectants
had up to a 100-fold increase in HSL activity. Likewise,
immunoreactive HSL protein and HSL mRNA levels were
increased up to 100-fold in HSL transfectants. When con-
fluent cells were allowed to differentiate by exposure to insu-
lin, HSL expression increased in vector alone transfected
cells, but remained below that observed in HSL transfec-
tants. A similar degree of differentiation was seen in both
vector alone and HSL transfectants when based on the in-
duction of lipoprotein lipase. Cellular triglyceride content
increased dramatically in the vector alone transfected cells
while triglyceride content was markedly reduced in the HSL
transfectants. The expression of late markers of adipocyte
differentiation, such as aP2 and GPDH, was diminished and
appeared to vary with the degree to which HSL was overex-
pressed and the cellular triglyceride content was reduced.
Thus, the overexpression of HSL in 3T3-F442A cells pre-
vents differentiated adipocytes from taking on the appear-
ance of fat cells, i.e., accumulating triglyceride. Further-
more, the overexpression of HSL directly or indirectly atten-
uates the expression of several genes that appear during late
adipocyte differentiation. (J. Clin. Invest. 1995. 95:2652—
2661.) Key words: hormone-sensitive lipase ¢ adipocytes ¢
immunoblot + mRNA - recombinant DNA
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Introduction

Free fatty acids are a major energy source for most tissues.
Circulating FFA in plasma are derived from the breakdown of
stored triacylglycerols in adipose tissue (1, 2). It has been
suggested that an increased metabolic activity (i.e., a greater
release of FFA) of internal fat depots is responsible for the
observations linking central obesity with an increased preva-
lence of hyperlipidemia, atherosclerosis, diabetes mellitus, insu-
lin resistance, and hypertension (3, 4, 5). The major enzyme
responsible for the mobilization of FFA from adipose tissue is
thought to be hormone-sensitive lipase (HSL),' whose name
was coined to reflect the ability of hormones such as catechola-
mines, ACTH, and glucagon to stimulate the activity of this
intracellular neutral lipase (6).

HSL catalyzes the first, rate-limiting step in lipolysis by
cleaving the first ester-bond of triacylglycerols (7, 8). In adi-
pose tissue, HSL also catalyzes the second step of the lipolytic
reaction by hydrolyzing diacylglycerol to monoacylglycerol (7,
8). Although HSL is capable of hydrolyzing monoacylglycerols
to FFA, the final step of the lipolytic process is carried out by
another enzyme, monoacylglycerol lipase (9, 10). This is due
to the specificity of HSL for 1,(3)-monoacylglycerols, while
the main product of the hydrolysis of triacylglycerols is 2-
monoacylglycerol (11). Indeed, the findings that monoacyl-
glycerol accumulates in vitro in the presence of HSL when
monoacylglycerol lipase is absent (10) and that monoacylglyc-
erol lipase does not appear to be hormonally regulated have
formed the basis for concluding that HSL is the rate limiting
enzyme in lipolysis. The activity of HSL is regulated acutely
via phosphorylation—dephosphorylation reactions. The activa-
tion of HSL by fast-acting lipolytic hormones (catecholamines,
glucagon, ACTH) involves a hormone/receptor-induced in-
crease in the cellular concentration of cyclic AMP (12) which
activates cyclic AMP-dependent protein kinase (PKA). PKA
then phosphorylates HSL (12), resulting in an increase in hy-
drolytic activity (13, 14). Recently, it has been observed that
HSL activity in adipose tissue can be regulated by mechanisms
in addition to posttranslational phosphorylation and dephos-
phorylation. Thus, food deprivation (15) and streptozotocin-
induced diabetes (16) in rats cause an increase in the steady
state levels of HSL mRNA and the amount of immunoreactive
HSL protein that parallel the rise in HSL activity and the reduc-
tion in adipose cell size observed with both of these physiologi-
cal maneuvers. These results suggest that the amount of HSL

1. Abbreviations used in this paper: aP2, adipocyte lipid binding protein;
GPDH, glycerol-3-phosphate dehydrogenase; HSL, hormone-sensitive
lipase; LPL, lipoprotein lipase; PKA, cyclic AMP-dependent protein
kinase.



expressed in an adipose cell can influence the rate of lipolysis
of the cell and the amount of lipid the cell is able to accumulate.

The current studies were conducted to address directly the
functional significance of HSL expression in adipocytes. For
this purpose, the murine adipogenic cell line, 3T3-F442A, which
was originally selected from mutagenized 3T3 fibroblasts on
the basis of their propensity to differentiate into adipocytes (17,
18), was stably transfected to constitutively overexpress HSL.
The 3T3-F442A cells have the highest rate of conversion into
adipose cells of all continuous adipogenic cell lines and undergo
differentiation when grown in fetal calf serum with insulin. The
ability of the adipogenic cells overexpressing HSL to differenti-
ate and achieve maturation was tested. Adipocyte differentiation
is a complex process that first involves commitment of the cell
to differentiate, followed by the expression of early and late
markers of differentiation, such as lipoprotein lipase (LPL),
adipocyte lipid binding protein (aP2), glycerol-3-phosphate de-
hydrogenase (GPDH), HSL, and adipsin (19). Concomitantly,
the phenotypic expression of adipocytes is characterized by
cellular triglyceride accumulation. The results of the current
studies show that the overexpression of HSL is able to prevent
the accumulation of triglyceride within differentiated adipo-
cytes. Although not accumulating triglyceride, the adipocytes
overexpressing HSL are able to express some markers of differ-
entiation; however, the expression of several late markers of
differentiation are attenuated.

Methods

Chemicals. Reagents were obtained from the following sources: bovine
serum albumin (fraction V) (Intergen Co., Purchase, NY); sodium
deoxycholate, Triton X-100, L-a phosphatidylcholine, cholesterol ole-
ate, leupeptin, aprotinin, anti—rabbit IgG FITC conjugate, hygromycin
B (Sigma Chemical Co., St. Louis, MO); cholesterol[1-'“C]oleate,
glycerol tri[9,10(n)-*H] oleate, [U-'*C]glucose (E.I. Dupont de Ne-
mours and Co., Boston, MA); fetal bovine serum (Gemini Bio-Products,
Inc., Calabasas, CA ); Dulbecco’s Modified Eagle’s medium, lipofectin
reagent (GIBCO BRL, Grand Island, NY); ECL western blotting detec-
tion reagents, horseradish peroxidase-linked whole antibody anti—rabbit
IgG, [a-**P]-dCTP, [**P] orthophosphate (Amersham Life Sciences
Products, Arlington Heights, IL); nitrocellulose paper (Schleicher and
Schuell, Keene, NH); oligolabeling kit (Pharmacia LKB Biotechnology,
Piscataway, NJ). All other chemicals were obtained from standard com-
mercial sources.

Plasmid construction. A full-length cDNA of rat HSL (20) was
kindly obtained from Drs. C. Holm, P. Belfrage, and M. Schotz (Univer-
sity of Lund, Lund, Sweden, and UCLA). The coding region in the
3225-bp clone runs from base 616 to base 2887. Since no appropriate
restriction enzyme sites existed in the HSL ¢cDNA for subcloning while
minimizing the amount of flanking sequences, two oligonucleotide prim-
ers corresponding to bases 581-600 and bases 2904-2923 of the HSL
cDNA were synthesized containing HindIII and Xhol sites in the up-
stream and downstream primers, respectively. These were used in a
polymerase chain reaction with the thermostable Pfu DNA polymerase
(Stratagene, La Jolla, CA) to generate a 2360-bp fragment containing
the entire HSL coding region (21). After digestion with HindIII and
Xhol, the fragment was cloned into the pCEP4 vector (In Vitrogen, San
Diego, CA). pCEP4 is an Epstein-Barr virus-based vector that places
the cloned fragment under the transcriptional control of the immediate
early gene of the human cytomegalovirus promoter and contains polyad-
enylation signals as well as the ampicillin and hygromycin B-resistance
genes. pPCEP4-HSL clones were isolated and sequenced to ascertain that
no mutations had been introduced during amplification.

Cell culture and transfection. 3T3-F442A murine adipocytes (kindly
provided by Dr. H. Green, Harvard University) were grown in DME

containing 4.5 g/liter glucose and 25 mM HEPES, supplemented with
10% defined fetal calf serum, penicillin (10,000 U/ml) and streptomycin
(10,000 pg/ml). In order to induce adipocyte differentiation, cells that
had reached confluence were treated with insulin (107 M) for 48 h.
After exposure to insulin, cells were allowed to continue differentiation
in media without added insulin for an additional 8—10 d. In some
experiments the media during differentiation were supplemented with
10% Intralipid. Transfection of undifferentiated 3T3-F442A cells was
performed by incubating 1 X 10° cells in a 60-mm dish with 2 ug of
pCEP4-HSL in 10 ul of lipofectin reagent. After 24 h of incubation, a
selection medium composed of DME supplemented with 10% FCS and
hygromycin B (200 pg/ml) was applied and cells maintained in this
media thereafter. Before reaching confluence, antibiotic resistant cells
were trypsinized and plated at a cell density of 1-5 cells per well in
96-multiwell dishes. Screening for HSL expression was then performed
by immunofluorescence staining (described below). Cells expressing
HSL were subsequently subcloned at a cell density of 1 cell per 5 wells
of a 96-multiwell dish to isolate clonal cell lines (22). Subclones were
rescreened for HSL expression and cells displaying a range of HSL
expression were expanded.

Indirect immunofluorescence and immunoblotting. Indirect immuno-
fluorescence detection of HSL was used as a means of screening for
HSL-positive clones. Cells were first fixed with 3% paraformaldhyde
for 10 min on ice and permeabilized with 0.02% Triton X-100 for 30
min at room temperature. Fixed cells were incubated at 4°C overnight
with rabbit anti—rat HSL/fusion protein IgG (23) at 1:500 dilution,
washed and then incubated with an anti—rabbit IgG FITC conjugate
(1:160 dilution) for 1 h. Visualization of the cells was performed using
an inverted fluorescence microscope (Nikon). Confocal microscopy
imaging was performed at the Cell Science Imaging Facility (Depart-
ment of Molecular and Cellular Physiology, Stanford University) and
involved the use of a custom built, mirror scanning, single beam laser
confocal microscope designed by Dr. S. J. Smith (Stanford University).
The equipment uses low light (< 100 pwatt beam power) and is
attached via a Nikon inverted microscope to laser-scanned Nomarski
DIC. The samples were excited with blue light (488 nm) and observa-
tions were made at an emission wavelength of 510-550 nm. The fluo-
rescent signal was filtered by a dichroic mirror (510). A Nikon 60X
(NA 1.4) planapo objective was used. The fluorescent and Nomarski
images were stored in a computer and subsequently merged using Adobe
Photoshop® (Adobe Systems Inc, Mountain View, CA); color was as-
signed arbitrarily. For immunoblotting, cells were scraped and briefly
sonicated (3 s) in 1 ml of ice cold lysis buffer containing 0.15 M NaCl,
3% Triton X-100, 0.1% lauryl sarcosyl, and 1 U/ml leupeptin. All
homogenates were centrifuged at 10,000 g for 15 min. The infranatant
below the fat cake was removed and kept frozen at —80°C. Samples were
electrophoresed on 10% polyacrylamide gels under reducing conditions,
transferred to nitrocellulose, incubated with anti—rat HSL/fusion protein
IgG, and visualized by chemiluminescence as described previously
(23). The relative amounts of immuno-detectable HSL contained in
each lane were determined by scanning with an LKB Ultra scan XL
enhancer laser densitometer and Gel scan XL software (Pharmacia LKB
Biotechnology, Piscataway, NJ) on a NEC computer.

Immunoprecipitation. Immunoprecipitation was performed as pre-
viously described (23). Cells were incubated in DME with 10% FCS
containing 200 uCi/ml of [*?P]orthophosphate for 60 min before expo-
sure to 1 X 1075 M forskolin for 10 min. The incubations were per-
formed at 37°C under an atmosphere of 95% air/5% CO,. At the end
of the incubations, cells were washed twice with phosphate buffered
saline containing 5 mM NaF and 1 mM benzamidine and scraped into
0.5 ml of ice-cold lysis buffer (0.15 M NaCl, 3% Triton X-100, 0.1%
lauryl sarcosyl, 1 mM PMSF, 1 U/ml leupeptin, 0.2 mg/ml aprotinin,
and 5 mM NaF). Samples were precleared with Pansorbin and then
incubated with rabbit polyclonal anti-HSL/fusion protein IgG (~ 0.5
pg/ml) at 4°C for 12-14 h. The immune complex was isolated by
adding Pansorbin (500 ul/tube) for 30 min at 4°C and then centrifuging
at 10,000 g for 15 min. The pellet was washed twice with a buffer
containing 0.1 M Tris-HCI (pH 7.5), 0.05 M LiCl, 5 mM NaF, 1| mM
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Figure 1. Immunocytochemistry of HSL in 3T3-F442A adipocyte cell
lines. A—C are phase contrast microscopy of undifferentiated 3T3-
F442A cells (A), differentiated 3T3-F442A cells (B), and undifferenti-
ated 3T3-F442A cells transfected with pCEP4-HSL (C). D—F are fluo-
rescent microscopy of undifferentiated 3T3-F442A cells (D), differenti-
ated 3T3-F442A cells (E), and undifferentiated 3T3-F442A cells
transfected with pCEP4-HSL (F). For differentiated cells, confluent
cells were exposed to insulin for 48 h to stimulate differentiation and
then assayed after 8—10 d. After permeabilization with 0.2% Triton X-
100, the cells were incubated sequentially with rabbit serum, rabbit anti-
HSL/fusion protein IgG, and goat anti—rabbit IgG-FITC fluorochrome
conjugate. The slides were then examined under a Nikon fluorescence
microscope. A—E: X62.5; F: X125.

PMSF, 1 U/ml leupeptin, 0.2 mg/ml aprotinin, 1% Triton X-100, 0.5%
deoxycholic acid and 0.1% SDS. The pellet was resuspended in the
same buffer containing 1% [-mercaptoethanol and 1% SDS, boiled for
5 min and electrophoresed on 10% polyacrylamide gels containing 0.1%
SDS. After drying, the gels were visualized by exposure to a Phos-
phorImager® (Molecular Dynamics, Sunnyvale, CA).

RNA isolation and measurement. Total cellular RNA was extracted
by CHCl;:phenol extraction as described (24). RNA pellets were dis-
solved in sterile water and quantified by standard UV absorbency. After
denaturation with 1 M glyoxal, 50% dimethyl sulfoxide, RNA was
analyzed by Northern blot hybridization after electrophoresis on 1%
agarose gels. Probes used were: rat HSL ¢cDNA; rat GPDH and aP2
cDNAs (a kind gift of Dr. F. Torti, Stanford University ). Probes were
labeled with [**P]dCTP to a specific activity of 1-2 X 10° dpm/pug
with an oligolabeling kit. Prehybridization and hybridization procedures
were performed as previously described (24). Autoradiographs were
obtained by exposure to Kodak XAR-film with an intensifying screen
at —80°C for 1-2 d. The autoradiographs were analyzed by scanning
as previously described.

Enzyme activities and lipid synthesis. Measurement of HSL activity
was performed using a cholesterol-['“C]oleate emulsion as described
previously (23). Cells were scraped into 1 ml of 50 mM Tris-HCl and
1 mM EDTA containing 1 U/ml leupeptin and homogenized in a conical
homogenizer for 10 stokes. After centrifuging the homogenates at
14,000 g for 15 min, the infranatants were carefully removed, and
aliquots (50—100 ul) were assayed in duplicate for neutral cholesterol
esterase activity (23). Heparin-releasable LPL activity was assayed
using a radioenzymatic assay with a glycerol-stabilized triolein substrate
emulsion as described previously (25, 26), and expressed as mU of
FFA released/h per mg protein. Glycerol-3-phosphate dehydrogenase
was assayed according to the method of Wise and Green (27). Lipid
synthesis was measured as the incorporation of ['“C]glucose into lipids
(28). Cells were incubated with 1 xCi/ml [U-'*C]glucose for 4 h at
37°C. After scraping the cells into normal saline, the lipids were ex-
tracted by the Folch method (29) and separated by thin layer chromatog-
raphy first using acetone until the solvent migrated 1 cm and then
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Figure 2. Immunoblot of HSL in 3T3-F442A adipocyte cell lines. Lanes
1 and 2, undifferentiated cells transfected with pCEP4 vector without
insert; lanes 3 and 4, differentiated cells transfected with pCEP4 vector
without insert; lanes 5 and 6, undifferentiated cells transfected with
pCEP4-HSL;; lanes 7 and 8, differentiated cells transfected with pCEP4-
HSL. For differentiated cells, confluent cells were exposed to insulin
for 48 h to stimulate differentiation and then assayed after 8—10 d. Cell
extracts (25 ug) were electrophoresed on SDS-PAGE, transferred to
nitrocellulose filters, immunoblotted with anti-HSL/fusion protein IgG,
and visualized by enhanced chemiluminescence. The film was developed
after a 1-min exposure.

heptane:ethyl ether:acetic acid (75:25:2) as the solvent system. The
locations corresponding to the migration of purified lipid standards were
scraped and the radioactivity determined in a liquid scintillation spectro-
photometer.

Other assays. Protein was measured with a bicinchoninic acid pro-
tein assay kit (Pierce Chemical Co., Rockford, IL). Triglycerides were
assayed using a triglyceride kit from Sigma Diagnostic. Oil red O stain-
ing was performed after counter staining with hematoxylin-eosin (30).

Statistical analysis. Data are expressed as mean+SEM. Statistical
analyses were performed by analysis of variance and comparisons
among groups by Fisher’s Protected LSD using StatView™ software
(ABACUS Concepts, Berkeley, CA) on a Macintosh II computer.

Results

Establishment of stable HSL transfectants. After transfection
with pCEP4-HSL and selection with hygromycin B, 350 colo-
nies were obtained, 30 of which stained positively with anti—
rat HSL fusion protein antibodies. An example of the immuno-
cytochemistry of HSL in 3T3-F442A cells is displayed in Fig.
1. A—C are phase contrast microscopy images and D—F are
fluorescent microscopy images of cells incubated with anti-
HSL/fusion protein IgG. Undifferentiated, control 3T3-F442A
cells contain no lipid (A) and do not have detectable HSL (D),
while differentiated, control 3T3-F442A cells have discernible,
large lipid droplets (B) and detectable HSL (E), although the
signal is somewhat diffuse and of low intensity. In contrast,
undifferentiated 3T3-F442A cells transfected with pCEP4-HSL
have no lipid droplets (C), but display high intensity HSL
immunofluorescence (F).

To quantitate the differences in HSL expression among the
3T3-F442A cell lines, the amount of immunoreactive HSL pro-
tein in control 3T3-F442A cells and HSL transfectants having
the highest expression of HSL (clone 2D) was determined by
immunoblotting equal amounts of cell protein extracts with rab-
bit polyclonal anti-rat HSL fusion protein antibodies (Fig. 2).
As reported previously (7, 23, 31), HSL appears as a major
band at approximately 84 kilodalton in murine adipocytes. Un-
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Figure 3. Northern blot of HSL
mRNA in adipocytes. Lane 1,
rat epididymal fat; lane 2, undif-
- . ferentiated 3T3-F442A cells
' transfected with pCEP4 vector
. without insert; lane 3, differenti-
] ated 3T3-F442A cells trans-
~ fected with pCEP4 vector
without insert; lane 4, undiffer-
entiated 3T3-F442A cells trans-
fected with pCEP4-HSL; lane
5, undifferentiated control
3T3-F442A cells; lane 6, differentiated 3T3-F442A control cells. For
differentiated cells, confluent cells were exposed to insulin for 48 h to
stimulate differentiation and then assayed after 8—10 d. Total RNA (20
pg) was electrophoresed on 1% agarose gels, transferred to nylon and
hybridized with a full length HSL cDNA. Ethidium bromide staining
demonstrated equivalent amounts of RNA in each lane (not shown).

differentiated control cells had no detectable HSL (lanes / and
2), while HSL was easily detectable in control cells that were
10 d postconfluence and that had differentiated (lanes 3 and
4). In comparison, HSL was expressed ~ 100-fold more in the
HSL transfectants and to a similar degree in undifferentiated
transfectants (lanes 5 and 6) and postconfluent differentiated
transfectants (lanes 7 and 8). HSL activity paralleled the
amount of HSL protein seen, with undifferentiated control cells
hydrolyzing ~ 2 nmol/h per mg protein, differentiated control
cells hydrolyzing ~ 38 nmol/h per mg protein, and HSL
transfectants hydrolyzing 260 nmol/h per mg protein. In order
to document the changes in HSL mRNA expression in the dif-
ferent adipocytes, a Northern blot analysis was performed (Fig.
3). As seen for HSL protein and activity, HSL mRNA expres-
sion is undetectable in undifferentiated control 3T3-F442A cells
and increases with differentiation. HSL mRNA is also not ex-
pressed in undifferentiated cells transfected with the pCEP4
vector lacking the HSL insert and increases similarly to that in
control cells when these vector alone transfected cells are al-
lowed to differentiate. In contrast, undifferentiated cells
transfected with HSL have a markedly increased HSL mRNA
expression. Thus, stably transfected 3T3-F442A adipocytes
have been isolated that overexpress HSL mRNA and this HSL
mRNA is translated into increased amounts of HSL protein that
is enzymatically active.

Adipocyte differentiation. After reaching confluence, 3T3-
F442A cells will undergo differentiation when exposed to high
concentrations of insulin. The differentiation process in adipo-
cyte cell lines has been well characterized by an increase in
expression of several lipogenic enzymes, with LPL expression
being a consistent early marker of differentiation (19). To eval-
uate whether the HSL transfectants were differentiating, the
time course of the expression of LPL activity in 3T3-F442A
cells transfected with HSL was compared with cells transfected
with the pCEP4 vector lacking the HSL insert (i.e., vector alone
transfected). Cells were allowed to reach confluence and then
exposed to 107 M insulin on day 0. LPL activity measured in
vector alone transfected cells was minimum before confluence
but increased sharply by day 4, reaching a plateau by day 8
(Fig. 4). Although there was a slight delay in the emergence
of LPL activity in the HSL transfectants, LPL activity reached
similar levels in both HSL and vector alone transfected cells,
substantiating that both cell lines were differentiating. As an
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Figure 4. LPL activity in 3T3-F442A adipocytes transfected with
pCEP4-HSL (o) or with pCEP4 vector without insert ( vector alone,
0). Confluent cells were exposed to insulin to stimulate differentiation
and LPL activity measured at the indicated times as described in Meth-
ods. * P < 0.001 compared to vector alone transfected cells; tP<0.05
compared to vector alone transfected cells.

additional means of documenting changes in LPL expression,
Northern blot analysis of LPL. mRNA was performed on control,
HSL transfectants, and vector alone transfected adipocytes both
before and after differentiation (Fig. 5). As observed for LPL
activity, LPL mRNA was not detectable in either undifferenti-
ated control, HSL transfectants, or vector alone transfected adi-
pocytes, but LPL mRNA expression increased similarly with
differentiation in all three cell lines. Therefore, based on the
appearance of the expression of LPL, transfection of 3T3-
F442A adipocytes with pCEP4, with or without the HSL insert,
and selection of cells by hygromycin B resistance does not
appear to affect the ability of the adipocytes to differentiate.

LPL —

Figure 5. Northern blot of LPL mRNA in adipocytes. Lane /, rat epidid-
ymal fat; lane 2, undifferentiated control cells; lane 3, differentiated
control cells; lane 4, undifferentiated cells transfected with pCEP4-HSL;
lane 5, differentiated cells transfected with pCEP4-HSL; lane 6, undif-
ferentiated cells transfected with pCEP4 vector without insert; lane 7,
differentiated cells transfected with pCEP4 vector without insert. For
differentiated cells, confluent cells were exposed to insulin for 48 h to
stimulate differentiation and then assayed after 8—10 d. Total RNA (20
pug) was electrophoresed on 1% agarose gels, transferred to nylon and
hybridized with a full length LPL cDNA. Ethidium bromide staining
demonstrated equivalent amounts of RNA in each lane (not shown).
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Figure 6. Cellular triglyceride accumulation in 3T3-F442A adipocytes
transfected with pCEP4-HSL (e) or with pCEP4 vector without insert
(vector alone, O) during differentiation. Confluent cells were exposed
to insulin to stimulate differentiation and cellular triglyceride content
measured at the indicated times. Results are the average of duplicate
wells.

While the HSL transfectants appeared to be able to differen-
tiate normally, as assessed by LPL expression, the impact of
HSL overexpression on the ability of the adipocytes to accumu-
late triglycerides was next examined by evaluating the time
course of cellular triglyceride content in vector alone transfected
cells and in HSL transfectants (Fig. 6). Cells were allowed to
reach confluence and then exposed to 10~7 M insulin on day
0. While cellular triglyceride content increased dramatically in
vector alone transfected cells after 5 d postconfluence, no tri-
glycerides accumulated in the HSL transfectants even out to 20
d postconfluence. Representative photomicrographs of Oil Red
O stained control 3T3-F442A cells after 8 d of differentiation
and HSL transfectants 15 d postdifferentiation are shown in
Fig. 7. While the control cells had accumulated numerous large
lipid droplets, no lipid accumulation is discernible in the cells
transfected with HSL. Thus, HSL over-expression prevented
the accumulation of cellular triglycerides in differentiated 3T3-
F442A adipocytes even though LPL was normally expressed.
Since it was possible that the transfection and selection of 3T3-
F442A adipocytes altered the conditions under which the adipo-
cytes could accumulate triglycerides, HSL transfectants were
allowed to reach confluence and treated with dexamethasone
and isobutylmethylxanthine, in addition to insulin, conditions
that are required for triglyceride accumulation of other adipo-
cyte cell lines (18). No triglyceride accumulation was observed
under these conditions (data not shown); furthermore, no tri-
glyceride accumulation was observed in post-confluent HSL
transfectants that were cultured in the presence of 10% Intralipid
while being stimulated to differentiate with hormonal incubation
(data not shown).

To explore potential mechanisms whereby the overex-
pression of HSL could prevent the accumulation of triglycerides
in 3T3-F442A adipocytes, the intracellular localization of HSL
in control 3T3-F442A adipocytes and HSL transfectants was
examined using immunofluorescent confocal microscopy (Fig.
8). Control adipocytes and HSL transfectants were allowed to
reach confluence and were stimulated to differentiate. 8 d after
differentiation, cells were fixed and stained with anti—rat HSL
fusion protein antibodies. The cells were examined by confocal
microscopy to obtain Nomarski DIC and fluorescent images

2656  Sztalryd et al.

that were then merged by computer. In control differentiated
3T3-F442A adipocytes (Fig. 8 A), large lipid droplets were
observed throughout the cytoplasm with HSL immunoreactivity
(depicted in green) faintly seen in a perinuclear distribution. In
contrast, no lipid droplets were apparent in the differentiated
3T3-F442A adipocytes transfected with HSL and HSL immuno-
reactivity was now observed throughout the entire cell body.
Thus, the overexpression of HSL resulted in an aberrant distri-
bution of HSL throughout the cell that might have contributed
to the inability of the adipocytes to accumulate triglycerides.

Since LPL is an early marker of adipocyte differentiation,
some markers of later adipocyte differentiation were examined.
Thus, Northern blot analyses of aP2 and GPDH mRNA levels
in control and HSL transfectants were performed in both undif-
ferentiated and differentiated cells (Fig. 9). Neither aP2 nor
GPDH mRNA were detected in undifferentiated cells, whether
control or HSL transfectants. Interestingly, although both aP2
and GPDH mRNA expression are induced during differentiation
in control cells, neither aP2 nor GPDH mRNA is induced in
the differentiated HSL transfectants that did not accumulate
cellular triglycerides. GPDH activity paralleled the changes in
GPDH mRNA levels (data not shown). These results suggest
that the amount of triglyceride and/or some lipid intermediates
are important in regulating the expression of some of the late
markers of adipocyte differentiation.

The 3T3-F442A cells transfected with HSL used in these
studies (clone 2D) were selected on the basis of their having
the greatest overexpression of HSL in the undifferentiated state.
In order to further support the view that the amount of HSL
expression will determine the degree to which an adipocyte can
maintain its pool of stored triglycerides, as well as the expres-
sion of later markers of adipocyte differentiation, an additional
clone of 3T3-F442A cells transfected with HSL (clone E4) was
studied. Clone E4 cells transfected with HSL expressed only
~ 30% as much HSL as our high expressing clone 2D (HSL
activity in clone E4 was ~ 93+6.5 nmol/h per mg protein),
but still markedly overexpressed HSL protein and HSL mRNA
when compared with undifferentiated control cells (Fig. 10).
As seen with control cells and HSL transfectant clone 2D, HSL
transfectant clone E4 expressed LPL activity normally after
differentiation (Fig. 11 A). However, as opposed to HSL
transfectant clone 2D where no cellular triglycerides accumu-
lated after differentiation, cellular triglycerides did accumulate
in HSL transfectant clone E4, but markedly reduced amounts
compared to control or vector alone transfected cells (Fig. 11
B). When markers of adipocyte differentiation were examined,
LPL mRNA expression increased similarly in differentiated
3T3-F442A cells, whether control or HSL transfectant clone E4
or clone 2D (Fig. 12 A). Furthermore, as opposed to HSL
transfectant clone 2D where late markers of adipocyte differen-
tiation such as aP2 or GPDH mRNA could not be detected after
differentiation, aP2 mRNA (Fig. 12 B) and GPDH mRNA (Fig.
12 C) increased in HSL transfectant clone E4 after differentia-
tion, albeit at lower levels than seen in control cells. Thus, the
level of expression of HSL appears both to determine the
amount of cellular triglycerides an adipocyte can accumulate
and to regulate, directly or indirectly, the expression of late
markers of adipocyte differentiation.

While the ability of both of the HSL transfectant clones 2D
and E4 to accumulate cellular triglycerides after differentiation
was markedly reduced, it was important to document that the
inability of the transfected cells to accumulate triglycerides was



due to the overexpression of HSL, with a presumably attendant
increase in lipolysis, rather than an impairment in the cells’
ability to synthesize lipids. To characterize lipid synthesis in
the cells, the incorporation of ['*C]glucose into cellular lipids
was determined in control 3T3-F442A adipocytes and in HSL
transfectant clones 2D and E4, both in the undifferentiated state
and after 8 d of differentiation (Table I). The rates of fatty acid
synthesis were low in all the undifferentiated cells, and were
similar in control and HSL transfectants. Although HSL
transfectant clone E4 had similar rates of triglyceride and total
lipid synthesis as control 3T3-F442A adipocytes, undifferenti-
ated HSL transfectant clone 2D displayed increased triglyceride
and total lipid synthesis when compared with control 3T3-

Figure 7. Photomicrographs of Oil red O
stained 3T3-F442A adipocytes. (A and
B) Differentiated 3T3-F442A adipocytes
transfected with pCEP4 vector without
insert examined 8 days post confluence.

" (Cand D) Differentiated 3T3-F442A adi-
pocytes transfected with pCEP4-HSL ex-
amined 15 d postconfluence. Cells were
stained with Oil red O after counter stain-
ing with hematoxylin-eosin. A and C:
X60; B and D: X120.

F442A adipocytes (P < 0.01 and P < 0.05, respectively). After
the cells reached confluence and were stimulated to differenti-
ate, fatty acid, triglyceride and total lipid synthesis increased
significantly in all three cell lines when compared to the respec-
tive undifferentiated cells (P < 0.001, P < 0.05, P < 0.01,
respectively for control, clone 2D and clone E4). While fatty
acid synthesis increased in all three cell lines, it remained simi-
lar in control and HSL transfectants. In contrast, even though
triglyceride and total lipid synthesis increased, they were both
lower in the differentiated HSL transfectants than in control
cells (P < 0.005); however, triglyceride and total lipid synthe-
sis were similar in clones 2D and E4. Therefore, the HSL
transfectants appear to be able to synthesize lipids and lipid

Figure 8. Confocal microscopy imaging of differentiated control (A) and HSL transfected (B) 3T3-F442A adipocytes. After permeabilization with
0.2% Triton X-100, the cells were incubated sequentially with rabbit serum, rabbit anti-HSL/fusion protein IgG, and goat anti—rabbit IgG-FITC

fluorochrome conjugate. The slides were then examined by confocal microscopy for Nomarski DIC and fluorescent images as described in Methods.
The fluorescent and Nomarski DIC images were merged by computer. Color was assigned arbitrarily; HSL immunofluorescence is shown in green.
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Figure 9. Northern blot of
aP2 (A) and GPDH (B)
mRNAs in adipocytes. Lane
1, rat epididymal fat; lane 2,
undifferentiated cells trans-
fected with pCEP4 vector
without insert; lane 3, differ-
entiated cells transfected with
pCEP4 vector without insert;
lane 4, undifferentiated cells
transfected with pCEP4-HSL;
lane 5, differentiated cells
transfected with pCEP4-HSL.
For differentiated cells, con-
fluent cells were exposed to
insulin for 48 hrs to stimulate
differentiation and then
assayed after 8—10 d. Total RNA (20 ng) was electrophoresed on 1%
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agarose gels, transferred to nylon and hybridized with either an aP2 or

GPDH cDNA. Ethidium bromide staining demonstrated equivalent
amounts of RNA in each lane (not shown).

synthesis increases following differentiation, albeit at a slightly
reduced rate compared to differentiated control cells.

Since HSL activity can be regulated by phosphorylation,
the state of phosphorylation of HSL was examined in control
3T3-F442A adipocytes and in HSL transfectant clones E4 and
2D (Fig. 13). In the basal state without stimulation of the cells
by lipolytic agents, phosphorylated HSL could be detected in
all three cell lines. Approximately 2—3-fold more phosphory-
lated HSL was observed in HSL transfectant clones E4 and 2D,
respectively, when compared with differentiated control 3T3-
F442A adipocytes. However, HSL transfectant clones E4 and
2D have 3- and 10-fold as much immunoreactive HSL, respec-
tively, as differentiated control 3T3-F442A adipocytes. Expo-
sure of the cells to forskolin, which activates adenylate cyclase
and stimulates PK A, increased the phosphorylation of HSL in
control 3T3-F442A adipocytes ~ 4-fold; however, no stimula-
tion was observed in either HSL transfectant clone E4 or 2D.

Discussion

In the current studies we have transfected the 3T3-F442A adipo-
genic cell line with a vector containing the entire coding region
of rat HSL. We have successfully isolated and cloned stable
transfectants that constitutively overexpress HSL. Concordant
with the activity of HSL as a neutral triglyceride lipase, the
ability of transfected cells to accumulate triglyceride when they
differentiate into adipocytes was diminished by the degree to
which HSL was overexpressed in the cells. Thus, cells dis-
playing the highest expression of HSL failed to accumulate
any cellular triglycerides when stimulated to differentiate, while
cells overexpressing modest amounts of HSL were able to accu-
mulate some intracellular triglyceride, but significantly less than
control cells. Cells transfected with HSL retained their ability to
synthesize lipids, with undifferentiated transfected cells actually
synthesizing increased amounts of triglycerides and total lipids
compared with control cells. In addition, the ability of HSL
transfected cells to increase lipid synthesis following differenti-
ation was preserved; however, the rates of triglyceride and total
lipid, but not fatty acid, synthesis were lower in differentiated
HSL transfectants than control cells. Thus, the failure of HSL
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Figure 10. Immunoblot (A) and Northern blot (B) of HSL in 3T3-
F442A adipocyte cell lines. (A) lane I, undifferentiated control 3T3-
F442A adipocytes; lane 2, undifferentiated clone E4 adipocytes
transfected with pCEP4-HSL; lane 3, undifferentiated clone 2D adipo-
cytes transfected with pCEP4-HSL. (B) lane 1, undifferentiated control
3T3-F442A adipocytes; lane 2, differentiated control 3T3-F442A adipo-
cytes; lane 3, undifferentiated clone 2D adipocytes transfected with
pCEP4-HSL; lane 4, undifferentiated clone E4 adipocytes transfected
with pCEP4-HSL; lane 5, differentiated clone E4 adipocytes transfected
with pCEP4-HSL. For differentiated cells, confluent cells were exposed
to insulin for 48 h to stimulate differentiation and then assayed after
8-10 d. Experiments were performed as described in Fig. 2 and 3.

transfectants to accumulate cellular triglycerides compared with
control cells might have been exaggerated by the reduction in
cellular lipid synthesis observed. Although it is possible that
clonal variation of endogenous functions, such as lipid synthe-
sis, could contribute to the inability of the cells to accumulate
triglyceride, this is unlikely to be a dominant factor since triglyc-
eride accumulation among the HSL transfectants varied in pro-
portion to the overexpression of vector-derived HSL without
any differences in the ability of the HSL transfectants to synthe-
size lipids. Therefore, it appears that the overexpression of HSL
is able to prevent cellular triglyceride accumulation, presumably
by accelerating intracellular lipolysis. These results are consis-
tent with our recent observations examining the physiological
regulation of HSL in vivo. Food deprivation (15) and streptozo-
tocin-induced diabetes (16) in rats caused an increase in the
steady state levels of HSL mRNA and the amount of immunore-
active HSL protein that paralleled the rises in HSL activity and
the reduction in adipose cell size observed with both of these
physiological maneuvers. In addition, differences in the rate of
basal lipolysis among various fat depots in the rat parallel the
amount of immunoreactive HSL protein and the level of HSL
mRNA found in the fat depot (32). Therefore, taken together
these results are strong evidence in support of the concept that
the amount of HSL present in a cell influences the rate of
lipolysis in that cell.

It is of interest that the overexpression of HSL alone, with-
out stimulation by lipolytic agents, was sufficient to prevent
triglyceride accumulation in differentiated transfected adipo-
cytes. HSL activity is usually regulated by fast-acting lipolytic
hormones that activate the enzyme via phosphorylation by PKA
(33, 34). This raises the question whether phosphorylation of
HSL is required for hydrolytic activity. On the one hand, when
we have treated cytosolic extracts of rat fat with E. coli alkaline
phosphatase to maximally dephosphorylate HSL, activity is re-
duced, but still measurable (15.2+1.3 vs. 4.0+0.6 nmol/h per
mg protein). Moreover, sonication of fat cells causes an in-
creased rate of lipolysis that approximates the maximal rate seen
with adrenergic stimulation with forskolin (35). This increased
lipolysis associated with sonication occurs without any discern-
ible change in cyclic AMP. These results are similar in many
ways to the observation that phosphorylation-induced increases
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in HSL activity in vitro were only 2—4-fold compared with the
up to 50-fold stimulation of lipolysis observed in intact fat cells.
It has been suggested that the inability to detect a large increase
in HSL activity was due to an increased surface area of lipid
and, thus, a greater exposure of the lipid substrate to the enzyme
in vitro. Likewise, a similar phenomenon might explain the
increased lipolysis associated with sonication. Nevertheless, im-
plicit in these explanations is the concept that nonphosphory-
lated HSL is catalytically active. On the other hand, the release
of glycerol or FFA from unstimulated adipose cells is extremely
low, suggesting that HSL activity within the cell is low in the
basal state. However, it has been suggested that the phosphory-
lation of HSL not only increases the intrinsic activity of the
enzyme, but also causes HSL to translocate from an aqueous
cytosolic compartment to become associated with the lipid drop-
let (36). Moreover, this translocation may occur through the
interaction of HSL with perilipin, an adipocyte specific protein
that is located on the surface of the lipid droplet and is the
major substrate in adipose cells for phosphorylation by PKA
(37, 38). These observations raise the possibility that phosphor-
ylation of HSL is not required for hydrolytic activity; rather,
the effect of phosphorylation on enzymatic activation is rela-
tively small and the dominant effect of phosphorylation of HSL
is to mediate translocation, i.e., allow the enzyme to come in
physical contact with intracellular lipid droplets. Results of our
current experiments are consistent with this hypothesis. Thus,
in contrast to control adipocytes where HSL is found primarily
localized in a perinuclear distribution (see Fig. 8), when HSL

Figure 12. Expression of mark-
_ ers of adipocyte differentiation
in 3T3-F442A adipocyte cell
lines. (A) Northern blot of LPL
mRNA. (B) Northern blot of
aP2 mRNA. (C) Northern blot
of GPDH mRNA. Lane /, undif-
ferentiated control cells; lane 2,
differentiated control cells; lane
3, undifferentiated clone 2D
cells transfected with pCEP4-
HSL; lane 4, undifferentiated
clone E4 cells transfected with
pCEP4-HSL; lane 5, differentiated clone E4 cells transfected with
pCEP4-HSL. Total RNA (20 pg) was electrophoresed on 1% agarose
gels, transferred to nylon and hybridized with either an LPL, aP2, or
GPDH cDNA. Ethidium bromide staining demonstrated equivalent
amounts of RNA in each lane (not shown). Confluent cells were ex-
posed to insulin for 48 h to stimulate differentiation and mRNA content
measured after 8 d.

Control Clone E4 Clone 2D

Figure 11. Expression of LPL activity (A) and cellular
triglyceride accumulation (B) in differentiated 3T3-
F442A adipocyte cell lines. Confluent cells were ex-
posed to insulin for 48 h to stimulate differentiation.
LPL activity was measured 8 d later and cellular triglyc-
eride content was measured after 8 d in control cells
and after 15 d in clone E4 and clone 2D cells transfected
with pCEP4-HSL. Results of LPL activity are the
mean+SEM of triplicate wells, while cellular triglycer-
ide is the average of duplicate wells. * P < 0.05 com-
pared to control cells.

is markedly overexpressed, as in the current experiments, the
enzyme is present in large amounts throughout the entire cell
body, perhaps enabling lipid droplets to be exposed to the en-
zyme without the need for translocation.

Alternatively, our finding that the overexpression of HSL
is sufficient to increase lipolysis to a degree that triglycerides
cannot accumulate even in the absence of lipolytic stimulation
does not necessarily mean that phosphorylation of HSL is unim-
portant. Clearly, HSL is phosphorylated in the HSL transfected
cells under basal conditions and the amount of phosphorylated
HSL in these cells is greater than that observed in differentiated
control 3T3-F442A adipocytes (see Fig. 13). It is important to
note that the HSL transfectants contain substantially more HSL
protein than differentiated control 3T3-F442A adipocytes so
that only a small portion of the HSL in the transfectants is
phosphorylated in the basal state. Moreover, HSL can be phos-
phorylated at two different sites, one mediated by PKA that
activates the enzyme (33, 39) and a secondary site that is medi-
ated by several different kinases (40, 41) that occurs basally
without stimulation (39) and impairs the ability of HSL to be
activated by PK A (42). It is not apparent which of these sites on

Table 1. Incorporation of ["*C]Glucose into Cellular Lipids

["*C])Glucose incorporation into
rpo!

Cells Fatty acids  Triglycerides Total lipid

dpm/mg cell protein

Undifferentiated
Control 3T3-F442A 204+82 36670 827+121
HSL transfectant clone 2D 192+8 838+22*  1990+132*
HSL transfectant clone E4 124+9 433+29 1211+44
Differentiated
Control 3T3-F442A 411+£36  2879%217 4620+420
HSL transfectant clone 2D  582+67 1174+£70% 2887+97*
HSL transfectant clone E4  401+80 1194+64*  2464+327*

Cells were incubated with 1 £Ci/ml [U-"*C]glucose for 4 h at 37°C.
After scraping the cells into normal saline, the lipids were extracted by
the Folch method (29) and separated by thin layer chromatography first
using acetone until the solvent migrated 1 cm and then heptane:ethyl
ether:acetic acid (75:25:2) as the solvent system. The locations corre-
sponding to the migration of purified lipid standards were scraped and
the radioactivity determined in a liquid scintillation spectrophotometer.
Results are expressed as mean+SEM of triplicate wells and are represen-
tative of three separate experiments. * P < 0.01 compared to respective
control cells; * P < 0.05 compared with control cells.
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Figure 13. Phosphorylation of HSL in 3T3-F442A adipocyte cell lines.
Cells were incubated in [**P]orthophosphate for 1 h before exposure
to carrier or forskolin (10> M) for 10 min. Cell extracts were immuno-
precipitated with anti-HSL/fusion protein IgG as described in Methods.
The immune complexes were electrophoresed on 10% polyacrylamide
gels containing 8 M urea and 0.1% SDS, and visualized on a Phophor-
Imager®. Lane I, differentiated control 3T3-F442A adipocytes exposed
to carrier; lane 2, undifferentiated clone E4 cells transfected with
pCEP4-HSL exposed to carrier; lane 3, undifferentiated clone 2D cells
transfected with pCEP4-HSL exposed to carrier; lane 4, differentiated
control 3T3-F442A adipocytes exposed to forskolin; lane 5, undifferenti-
ated clone E4 cells transfected with pCEP4-HSL exposed to forskolin;
lane 6, undifferentiated clone 2D cells transfected with pCEP4-HSL
exposed to forskolin. Molecular weight markers in kD are displayed on
the right of the gel.

HSL is phosphorylated but it is possible that under the current
conditions autocrine, paracrine, or normal cellular processes
might cause phosphorylation of a portion of the large pool of

HSL in these cells that is adequate to activate enough of the-

enzyme in the absence of lipolytic agents to mediate triglyceride
hydrolysis.

The differentiation of adipocytes is a complex process that
first involves commitment of the cells to differentiate, followed
by the expression of early markers of differentiation, such as
LPL, and then the appearance of later markers of differentiation,
such as aP2, GPDH, HSL, fatty acid synthetase, insulin recep-
tors, GLUT4, and adipsin (19). During differentiation, cellular
triglycerides accumulate, resulting in the phenotypic feature of
adipocytes. Using the appearance of LPL as the criterion for
adipocyte differentiation, the cells transfected with HSL in the
current experiments were able to differentiate when confluent
cells were exposed to culture conditions that allow vector alone
transfected cells or normal pre-adipogenic cells to undergo full
differentiation. Even though LPL expression was somewhat de-
layed in the HSL transfectants, leading to slightly lower LPL
activity than in control cells 1 wk postconfluence, LPL expres-
sion at subsequent time points was virtually indistinguishable
between HSL transfectants and control cells. Thus, the HSL
transfectants were able to commit towards differentiation and
to progress normally through early adipocyte differentiation,
although the accumulation of triglycerides was prevented in
parallel to the degree to which HSL was overexpressed. Interest-
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ingly, later markers of adipocyte differentiation (aP2 and
GPDH) were not expressed normally in the HSL transfectants.
The mechanisms whereby the early aberrant expression of HSL
prevents the full complement of markers of normal differentia-
tion from proceeding are not readily apparent. It is possible that
the absence of triglyceride storage within the cell or an excess
of intracellular fatty acids or other intermediates in the pathway
represses the transcription of the aP2 and GPDH genes. While
it is difficult to propose mechanisms how the presence or ab-
sence of cellular triglycerides could directly regulate gene ex-
pression, certainly the expression of some of the genes of differ-
entiation can be regulated by intermediate factors. For example,
fatty acids have been reported to induce aP2 (43) and retinoic
acid to inhibit adipsin expression (44) without affecting other
markers of differentiation. In view of the regulation of aP2
expression by fatty acids, an excess of intracellular fatty acids
resulting from the overexpression of HSL would be expected
to increase, rather than to attenuate, the expression of aP2.
However, it is conceivable that an excess of intracellular fatty
acids is toxic to the cells and thus prevents the expression of
these genes. Alternatively, the possibility exists that the disrup-
tion of the complement of genes normally expressed late in
adipocyte differentiation is not due to the action of HSL as a
neutral triglyceride lipase, but to its actions as a neutral choles-
terol esterase. In this circumstance, the overexpression of HSL
might lead to an increase in cellular unesterified cholesterol
that would inhibit cholesterol biosynthesis and possibly disturb
sterol intermediates that might be required for the expression
of genes in late adipocyte differentiation. Finally, could clonal
selection have contributed to the lack of expression of late
markers of adipocyte differentiation and the inability of the
cells to accumulate triglyceride? Although it has been shown
that culturing preadipocytes in clonal conditions lowers their
ability to terminally differentiate (45), this is unlikely to be
a significant factor in the current experiments since both the
expression of late markers of differentiation and triglyceride
accumulation among the HSL transfectants varied in proportion
to the overexpression of vector-derived HSL and cells trans-
fected with vector alone and selected under similar conditions
expressed late markers of differentiation and accumulated tri-
glyceride to the same extent as control 3T3-F442A cells.

As opposed to the inhibition of the expression of aP2 and
GPDH by the overexpression of HSL, no consistent effects
of HSL overexpression on LPL expression were observed in
differentiated adipocytes. This is interesting in light of the re-
ports suggesting that LPL and HSL are reciprocally regulated
(46, 47). Our current data suggest that neither HSL nor HSL-
mediated changes in lipid metabolism affect LPL expression.
Therefore, any reciprocal changes in the expression of HSL and
LPL must be due to variations in the responses of these lipases
to effectors rather than due to any interaction or. regulation
occurring between the lipases or their products.

In conclusion, by transfecting 3T3-F442A cells with a
pCEP4-HSL vector, the overexpression of HSL was shown to
prevent adipocytes from taking on the appearance of fat cells,
i.e., triglyceride accumulation. Thus, modifying the quantity of
HSL enzyme within a fat cell can influence the amount of
triglyceride that a cell can accumulate. Moreover, by overex-
pressing HSL and/or disrupting cellular lipid pathways, the
expression of some lipogenic enzymes that normally appear late
in adipocyte differentiation are repressed. Thus, the level of
expression of HSL appears both to determine the amount of



cellular triglycerides an adipocyte can accumulate and to regu-
late, directly or indirectly, the expression of late markers of
adipocyte differentiation. The adipocyte cell lines overex-
pressing HSL which have been isolated might prove to be useful
models for exploring various stages of adipocyte differentiation
and the interaction of different lipid pathways on gene expres-
sion during differentiation.
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