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Abstract The putative role of nitric oxide (NO) in modu-
lating adipogenesis was investigated in cultured preadipo-
cytes derived from rat white adipose tissue. The NO releas-
ing reagent, hydroxylamine (HA), and nitric oxide synthase
(NOS) substrate L-arginine (Arg) had no influence on cell
replication. However, both HA and Arg exhibited significant
induction on differentiation, as evidenced by increased li-
poprotein lipase (LPL) and glycerol-3-phosphate dehydro-
genase (GPDH) activities, as well as accelerated triacylglyc-
erol (TG) accumulation. These observations suggested a
positive role of NO in modulating adipogenesis. Preadipo-
cytes were found to produce NO, and a ~50% increase over
basal level was observed on the first 2 days of differentia-
tion. Deprivation of endogenous NOS activity by a non-selec-
tive NOS inhibitor, N®-monomethyli-arginine (NMMA),
partially abrogated the differentiation process, implicating
arole for endogenous NO to stimulate preadipocyte differ-
entiation. Both NOS isoforms, eNOS and iNOS, were de-
tected in differentiating preadipocytes.fili Specific iNOS in-
hibitors (1400W and aminoguanidine) had little influence
on NO production and differentiation, suggesting that
eNOS rather than iNOS may be the major isoform involved
in modulating adipogenesis.—Yan, H., E. Aziz, G. Shilla-
beer, A. Wong, D. Shanghavi, A. Kermouni, M. Abdel-Hafez,
and D. C. W. Lau. Nitric oxide promotes differentiation of
rat white preadipocytes in culture. J. Lipid Res. 2002. 43:
2123-2129.
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Body fat is determined by white adipose tissue mass,
which can expand by an increase in the size and/or the
number of mature adipocytes. Histologically, white adi-
pose tissue consists of different cells with mature adipo-
cytes accounting for the majority of cells (1). The remaining
cells are composed of precursor fat cells or preadipocytes,
fibroblasts, and endothelial cells. In most species, fat for-
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mation begins before birth and white adipose tissue ex-
pansion takes place rapidly after birth (2). During the
adult stage, committed preadipocytes can remain quies-
cent or multiply while maintaining the replicative poten-
tial to generate new fat cells. Upon appropriate stimuli
and when coupled with proper intracellular signaling
molecules, these committed precursor cells activate a co-
ordinated cascade involving series of proadiogenic tran-
scription factors, which in turn drives the expression of a
complex gene program necessary for the acquisition of
mature phenotype (3-5). On the other hand, the mature
adipocyte phenotype can somehow be depleted by either
increased lipolysis through activation of lipolytic enzymes
or by a process termed dedifferentiation via decreasing
expression of lipogenic enzymes (6). These processes
could lead to decreased fat stores or adipose mobilization.
Thus, adipose tissue mass in vivo is maintained by a dy-
namic balance between triacylglycerol (TG) accumulation
and depletion of fat. Perturbation of this balance may
cause aberrant changes in body fat content leading to ei-
ther decreased or increased adiposity. Unraveling the mo-
lecular mechanisms involved in the regulation of this
equilibrium will advance our understanding of the devel-
opment of obesity and has been the subject of intensive
investigation in recent years.

Nitric oxide (NO) is a highly reactive, diffusible free rad-
ical gas that mediates multifunctional autocrine/paracrine
actions involving cell proliferation and differentiation (7,
8). With the identification of two isoforms of nitric oxide

Abbreviations: ACM, adipocyte-conditioned medium; AG, ami-
noguanidine; aMEM, a-minimum essential medium; Arg, 1-arginine;
DD, differentiation day of; eNOS, endothelial nitric oxide synthase;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPDH, glycerol-
3-phosphate dehydrogenase; HA, hydroxylamine; iNOS, inducible ni-
tric oxide synthase; LPL, lipoprotein lipase; nNOS, neuronal nitric ox-
ide synthase; NMMA, NG—monomethyl—n—arginine; NO, nitric oxide;
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TABLE 1. PCR primers and conditions used

Gene Primer Sequences Cycles Annealing Temperature Expected Size
bp
iNOS 5" GAGTCAAATCCTACCAAGGTGAC 3’ 30 62°C 517
5" CTCATCCAGAGTGAGCTGGTAG 3’
GAPDH 5" ATGGTGAAGGTCGGTGTCAACG 3’ 25 62°C 623

5" GATGCAGGGATGATGTTCTGGG 3’

synthase (NOS), namely inducible NOS (iNOS) and endo-
thelial NOS (eNOS), in adipose tissue (9, 10), an increas-
ing recognition has emerged for a role of NO in modulat-
ing adipose tissue mass. Recent studies demonstrated
increased NO production and NOS expression in adipose
tissue samples of obese humans, suggesting a role for NO
as a modulator of lipolysis (11-15). Since adipogenesis is
also a critical determinant of adiposity, NO might also play
a role in influencing fat cell formation. This tenet is sup-
ported by the finding that NO promoted adipocyte differ-
entiation in brown adipose tissue (16). The present study
was undertaken to examine the effect of NO on white
preadipocyte differentiation as well as proliferation.

MATERIALS AND METHODS

Experimental animals

Male Sprague-Dawley rats (Charles River Breeding Laborato-
ries Canada Inc., Canada), weighing 300-400 g, were fed stan-
dard rat chow ad libitum and maintained on a 12:12 h light-dark
cycle at 22°C. The rats were killed by cervical dislocation under
halothane anesthesia, and retroperitoneal fat pads were resected
under aseptic conditions.

Preadipocyte isolation and culture

Preadipocytes were isolated from pooled fat pads and cultured
as previously described (17). The tissue was minced and digested
with 1 mg/ml Type II collagenase (Sigma Chem. Co., St. Louis,
MO) in a-minimum essential medium (aMEM; Gibco, Canada)
for 45 min at 37°C, with gentle shaking. The cell suspension was
filtered through a 250 pm Nitex mesh to remove undigested tis-
sue, and centrifuged at 50 g for 5 min. The infranatant was re-
moved from beneath the floating adipocyte layer and centrifuged
at 200 g for 10 min. The resuspended cell pellet was then filtered
through a 25 pm mesh to remove endothelial cell clumps, and
sedimented by centrifugation. Cells were seeded at appropriate
densities in aMEM supplemented with 10% calf serum, 100 U/ml
penicillin, and 100 pg/ml streptomycin. Cell culture was per-
formed at 37°C in a humidified atmosphere of 95% air-5% COs.

NO modulating reagents

The following reagents were used in the study: 0.2 mM hydroxyl-
amine (HA; Sigma Chem. Co., St. Louis, MO); 1 mM r-arginine
(Arg; Calbiochem., La Jolla, CA); 0.2 mM N("-monomethyl-
r-arginine (NMMA; Cayman Chem. Co., Ann Arbor, MI); 1 uM
1400W (Cayman Chem. Co.); and 0.5 mM aminoguanidine (AG;
Cayman Chem. Co.). The concentrations of reagents used were
pre-determined by tests for cell viability (>98%) using Trypan
blue (0.02%, Sigma Chem Co., St. Louis, MO).

Preadipocyte replication

To determine the effect of NO on preadipocyte proliferation
under optimal conditions, cells were seeded at a density of 2 X
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10*/cm? in «MEM supplemented with 10% calf serum, 100 U/ml
penicillin, and 100 wg/ml streptomycin. 0.2 mM HA, 1.0 mM
Arg, 0.2 mM NMMA, 1 pM 1400 W, and 0.5 mM AG were added
to cells at the time of seeding. Reagents and the culture media
were replaced twice per day. Untreated cells served as controls.
Triplicate cultures were harvested daily until the exponential
phase of replication was complete (~7 days), and cells were enu-
merated using a Coulter Counter (Beckman Instruments, Bur-
lington, ON). Population doubling time of preadipocytes was cal-
culated from the gradient of the logarithmic phase of each
growth curve.

Preadipocyte differentiation

Preadipocytes were seeded at 4 X 10% cells/cm? in aMEM con-
taining 10% calf serum and antibiotics (100 U/ml penicillin, 100
pg/ml streptomycin), and grown to confluence. Since dexa-
methasone, an essential component of the hormonal mixture
routinely used to induce preadipocyte differentiation in culture,
inhibits iNOS transcription (18), preadipocytes were differenti-
ated in adipocyte-conditioned medium (ACM), which is devoid
of dexamethasone, and is prepared from rat mature adipocytes
by a method developed in our laboratory (19, 20). At confluence
(4 days post-seeding), the medium was replaced by ACM and the
NO modulating reagents were added to duplicate cultures. Un-
treated cells served as controls. Reagents and culture medium
were replaced twice per day. Preadipocytes were monitored daily
from day 1 to day 5 of differentiation.

NO in culture medium and preadipocytes

The nitrate/nitrite level in both the culture media and the
cells was quantitated by using Nitrate/Nitrite Colorimetric Assay
kit (Cayman Chem. Co.). Assays were performed according to
the manufacturer’s protocol. Nitrate standard provided in the kit
was used to construct the standard curve. Results were normal-
ized to protein determined by the Bradford method and ex-
pressed as nmol nitrate/mg protein. Over the course of this
study, we consistently observed a restricted intracellular distribu-
tion of NO. No appreciable amount of nitrate/nitrite was de-
tected in the culture media when compared with larger quantity

TABLE 2. Effect of nitric oxide on preadipocyte replication

Treatment Doubling Time * SD
h
Control 22.3 + 3.2
HA (0.2 mM) 241 £ 2.0
Arg (1 mM) 19.9 = 3.0
NMMA (0.2 mM) 22.7 + 4.1
1400W (1 pM) 21.3 £3.2
AG (0.5 mM) 209 = 3.0

Replication rate of preadipocytes grown in the absence (control)
and presence of 0.2 mM HA, 1 mM Arg, 0.2 mM 1-NMMA, 1 uM
1400W, and 0.5 mM AG. Data are expressed as the mean * SD popula-
tion doubling time in hours. No significant difference was observed be-
tween Control and treated cells (n = 3).
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Fig. 1. Effects of nitric oxide (NO) modulators on NO content.
Confluent preadipocytes were induced to undergo differentiation
by adipocyte-conditioned medium (ACM) in the presence or ab-
sence of NO donor, 0.2 mM hydroxylamine (HA), NOS substrate, 1
mM arginine (Arg), and/or NOS inhibitor 0.2 mM NC¢-monome-
thyl-L-arginine (NMMA). NO content was assayed as cellular ni-
trate/nitrite on day 1 after differentiation induction. Results are
expressed as fold increase over basal control (undifferentiated
preadipocytes, basal value 3.13 = 0.45 nmol nitrate/mg protein)
and represent the mean = SEM of three experiments. * P < 0.05.

of NO, which was readily measurable in the cells. To avoid the
potential interference of lipid present in medium, intracellular
nitrate/nitrite was used as a measure of NO in this study.

Oil Red O staining

A stock solution of Oil Red O (0.5 grams in 100 ml isopro-
panol) was prepared and passed through a 0.2 um filter. Six ml
of the stock solution was mixed with 4 ml of distilled water, left
for 1 h at room temperature, and filtered through a 0.2 pm filter
prior to use. Cells were washed three times with PBS, fixed with
10% formalin for 1 h at 4°C, and stained with the Oil Red O
working solution for 20 min at room temperature.

Glycerol-3-phosphate dehydrogenase activity

Cells were washed three times with PBS, harvested in 10 mM
Tris-EDTA buffer, and sonicated. Following centrifugation at
100,000 g for 10 min at 4°C, the supernatant was collected. Pro-
tein content was determined by Bradford method (Bio-Rad) and
glycerol-3-phosphate dehydrogenase (GPDH) activity was quanti-
fied according to the method of Kozak and Jensen (21). One
unit of specific enzyme activity corresponded to the oxidation of
1 nmol of NADH/min/mg protein.

Releasable lipoprotein lipase activity

Releasable lipoprotein lipase (LPL) activity was determined by
the method of Ramirez et al. (22). Cells were washed twice with
aMEM, and then incubated with «MEM containing heparin (10
U/ml) for a further 60 min at room temperature. The medium
was collected into tubes containing protease inhibitors (0.5 wg/
ml leupeptin, 0.7 pg/ml pepstatin, 1.0 mM phenylmethylsulfo-
nylchloride). LPL activity was assayed using an emulsion of glyc-
erol 3H-labeled and unlabeled trioleate. The enzyme specific ac-
tivity was expressed as nmol oleate released/h/mg protein.

TG assay

Cells were harvested in PBS. Following sonication, TG was ex-
tracted from cell homogenates in a 2:1 (v/v) mixture of chloro-
form-methanol. The TG content of lipid extracts was quantitated

colorimetrically as glycerol using an enzymatic assay kit (Triglyc-
eride INT 10; Sigma Diagnostics, St. Louis, MO) and normalized
to cell protein. Results were expressed as g TG/mg protein.

Western blot analysis

Cells were washed three times with phosphate-buffered saline
(PBS) and scraped into lysis buffer (50 mM Hepes (pH 7.4), 125
mM NaCl, 2 mM EDTA, 1% Triton X-100, 1 mM DTT) supple-
mented with pepstatin (5 pg/ml), leupeptin (5 pg/ml), and
phenylmethylsulfonyl fluoride (1 mM). After centrifugation at
12,000 gfor 15 min at 4°C, soluble fraction was collected and pro-
tein concentration was determined by Bradford method (Bio-
Rad Laboratories, Inc., Mississauga, ON). 50 ug of protein was
separated by SDS-PAGE (10%) and electroblotted onto polyvi-
nylidene difluoride (PVDF) membranes (Bio-Rad Laboratories).
Pausau S staining was performed after transfer to confirm sam-
ple loading and transfer efficiency. The transblotted membrane
was then washed twice with TBS containing 0.05% Tween 20
(TBST). After blocking with 5% skimmed milk for 30 min, the
membrane was incubated with rabbit anti-eNOS antibody
(1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA) at room
temperature for 2 h. After three times wash with TBST, the mem-
brane was probed with HRP conjugated secondary antibody
(anti-rabbit IgG, 1:1000) (Santa Cruz Biotechnology, Santa Cruz,
CA) at room temperature for 1 h. The membrane was then
washed three times with TBST and signal was visualized by en-
hanced chemiluminescence (Amersham). After exposure to
Kodak X-OMAT AR film, the immunoblot exposures were
scanned, and bands were quantified using National Institutes of
Health Image 1.55.

Semi-quantitative PCR

While iNOS expression was below detectable level by immu-
noblot, its mRNA level was assessed by semi-quantitative reverse
transcriptase-polymerase chain reaction (RT-PCR) using glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) as standard.
Cells were washed twice with PBS and harvested in TriPure iso-
lation reagent (Boehringer Mannheim, Indianapolis, IN). RNA
was extracted according to the manufacturer’s protocol. Total
RNA (2 pg) was reverse transcribed according to Gauthier et al.
(23) using 12.5 nM random primers (Life Technologies, Bur-
lington, ON). PCR was then performed using Taq DNA polymerase
according to the manufacturer’s protocol (Life Technologies).
PCR conditions, primer sequences used and expected size of
each amplified fragment are shown in Table 1. PCR products
were resolved by electrophoresis on 0.8% agarose gel and visu-
alized by ethidium bromide staining. Quantitation was per-
formed using the Gel Doc 1000 System (Bio-Rad Laboratories,
Inc.). Results were expressed as ratio of iNOS and GAPDH.

Statistical analysis

Data were analyzed by the two-tailed Student’s ttest. Results
are expressed as means = SD or means = SEM from at least
three independent experiments using rats of similar age and
weight.

RESULTS

Effect of exogenous NO on preadipocyte replication

To evaluate the effect of NO on cell replication, isolated
preadipocytes were exposed to HA, an intracellular NO
donor, and Arg, a NOS substrate. Cells were enumerated
electronically daily over a period of 7 days. Since NOS in-
hibitors were used in subsequent experiments, effects of
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Fig. 2. Exogenous NO stimulated preadipocyte differentiation. Confluent preadipocytes were induced to undergo differentiation by ACM
in the presence or absence of NO donor, 0.2 mM HA, NOS substrate, 1 mM Arg, and/or NOS inhibitor 0.2 mM NMMA. A, Oil-Red-O stain-
ing was performed on day 3 of differentiation. B, C, and D: Differentiation was assessed by lipoprotein lipase (LPL) and glycerol-3-phos-
phate dehydrogenase (GPDH) activities as well as TG content. Cells were harvested on day 1 (DD1) for LPL specific activity and day 3 (DD3)
for GPDH specific activity and TG content. Results represent the mean = SEM of three experiments. * P < 0.05. ** P < 0.01. The differ-
ences between Control (untreated) and all treated cells were significant (P < 0.01).

these inhibitors on cell replication were also determined.
As shown in Table 2, no significant difference in popu-
lation doubling time was found between control and
treated cells, suggesting that NO had no appreciable in-
fluence on preadipocyte proliferation.

Effect of exogenous NO on preadipocyte differentiation
Confluent cells were exposed to ACM in the presence
or absence of NO donor, HA. As shown in Fig. 1, HA rap-
idly brought about a significant increase of cellular NO.
Concurrent with the increased NO was augmented differ-
entiation, as demonstrated morphologically by Oil-Red-O
staining (Fig. 2A) and by the biochemical markers for dif-
ferentiation, including LPL (Fig. 2B) and GPDH (Fig. 2C)
activities, and TG content (Fig. 2D). Similar differentia-
tion promoting effect was also observed with the NOS sub-
strate, Arg (Fig. 2B-D). As Arg exerts actions at multiple
sites, whether this differentiation stimulatory effect was

2126  Journal of Lipid Research Volume 43, 2002

NO derived was addressed, and a potent NOS inhibitor,
NMMA, was used to confirm the specificity. When added
into the culture media along with Arg, NMMA abolished
the Arg induced NO production (Fig. 1) and concomi-
tantly abrogated the enhanced differentiation (Fig. 2C-
D), confirming a stimulatory role of NO in preadipocyte
differentiation.

Role of endogenous NO in modulating
preadipocyte differentiation

To address the question as to whether endogenous NO
was involved in modulating adipogenesis, we first exam-
ined the endogenous NO content during differentiation.
When compared with undifferentiated preadipocytes, a
modest but significant increase of cellular NO was ob-
served on differentiation day (DD)1 and DD2 (Fig. 3A).
When this increase was abrogated by a potent NOS inhibi-
tor, NMMA, (Fig. 3B), differentiation process was also in-
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Fig. 3. Endogenous NO was involved in the positive modulation of preadipocyte differentiation. Cultured preadipocytes were induced to
differentiate by ACM in the presence or absence of a non-selective NOS inhibitor, 0.2 mM NMMA, and specific inducible nitric oxide syn-
thase (iNOS) inhibitors, 1 wM 1400W, and 0.5 mM aminoguanidine (AG). A: Cellular nitrate/nitrite was assayed during DDO through DD3.
B: Cellular nitrate/nitrite levels were determined on DD1. Results are expressed as fold increase over basal control (undifferentiated pread-
ipocytes, basal value 3.13 * 0.45 nmol nitrate/mg protein) and represent the mean * SEM of three experiments. * P < 0.05. C-E: Differen-
tiation was assessed by specific activities of LPL (C) and GPDH (panel D), and TG content (E). Cells were harvested on DD1 for LPL specific
activity and DD3 for GPDH specific activity and TG content. Results represent the mean * SEM of three experiments. * P < 0.05. The differ-
ences between Control (untreated) and all treated cells were significant (P < 0.01) in C, D, and E.

hibited, as demonstrated by the decreased LPL and
GPDH specific activities as well as reduced TG accumula-
tion (Fig. 3C-E).

eNOS was the major isoform involved in
modulating differentiation

We further explored the source of the NO induction
during differentiation in order to gain mechanistic in-
sight. eNOS protein was readily detectable by immunoblot
in both undifferentiated and differentiating adipocytes
(Fig. 4A), whereas iNOS was expressed at a low level that
could not be detected. iNOS mRNA was detected by RT-
PCR, and a ~50% increase was noted on DD1 and DD2
(Fig. 4B). To further dissect the contributions of these two
NOS isoforms specific iNOS inhibitors, 1400W and ami-

noguanidine (AG), were employed. When compared with
the potent non-selective NOS inhibitor NMMA, neither
1400W nor AG could inhibit NO production (Fig. 3B) or
differentiation (Fig. 3D-E).

DISCUSSION

NO is an important messenger molecule that plays a
crucial role in modulating many biological functions in-
cluding neurotransmission, blood vessel tone, host de-
fense, and immunity (24, 25). Endogenous NO is synthe-
sized via Arg oxidation by a family of nitric oxide synthase
(NOS) (26). Three isoforms of NOS, termed as nNOS
(NOST), iNOS (NOSII), and eNOS (NOS III), have been
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Fig. 4. Expression of endothelial nitric oxide synthase (eNOS) and iNOS during preadipocyte differentia-
tion. Isolated preadipocytes were induced to differentiate by ACM. eNOS protein expression was assayed by
immunoblot (A) and iNOS mRNA expression was quantified by semi-quantitative RT-PCR (B). Cells were
harvested at times indicated DDO through DD3. Representative blot or gels were shown with corresponding
graphical quantification. Data are expressed as fold over basal control (DD0) and represent the mean *

SEM of three independent experiments. * P < 0.05.

identified thus far and two of them (iNOS and eNOS) are
expressed in white adipose tissue and are thought to be
involved in modulating adipose cell biology (10, 11, 13).
While a role of NO in regulating lipolysis has been pro-
posed (9, 10), emerging evidence has suggested that NO
may also be involved in the modulation of adipocyte con-
version (16). In brown adipose cells, for instance, NO was
reported to inhibit proliferation and stimulate differentia-
tion, the latter by up-regulating the expression of PPARYy,
a key transcription factor involved in adipogenesis (16).
Whether this mechanism also operates in white adipocytes
is unclear. Our present data suggested that NO did not in-
hibit proliferation in white preadipocytes, in contrast to
the findings in brown fat (16). Exogenous NO signifi-
cantly stimulated differentiation in white preadipocytes,
as evidenced by the increased LPL and GPDH specific ac-
tivities as well as the augmented TG accumulation. The
stimulation in differentiation was only observed in the
presence of ACM (a differentiation stimulus), whereas
neither NO donor nor NOS substrate alone showed direct
differentiation induction on preadipocytes (data not
shown). These observations suggested that NO aug-
mented preadipocyte differentiation induced by ACM
rather than exerting direct effects on the cells, raising the
possibility of a modulatory rather than regulatory role for
NO in adipogenesis.

Having adduced evidence that exogenous NO stimu-
lated preadipocyte differentiation, we further explored
the potential physiological relevance of this finding. As
most of the commonly used differentiation inducing
agents contain dexamethasone, which is known to inhibit
iNOS gene expression (18), we used ACM, which is de-
void of dexamethasone, to induce preadipocyte differenti-
ation (19, 20). Preadipocytes were found to produce NO
and a ~50% increase over the basal level was observed on
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the first 2 days of differentiation (Fig. 3A). When the in-
duced NO was pharmacologically abrogated by a NOS in-
hibitor, differentiation was partly inhibited, suggesting
that endogenous NO produced by differentiating preadi-
pocytes was positively involved in modulating differentia-
tion. All three biochemical markers of differentiation
(LPL, GPDH, and TG content) revealed consistent and
statistically significant results, confirming the stimulatory
effect of endogenous NO on preadipocyte differentiation.
The observation that increased NO production occurred
only at the early phase of differentiation supported the
possible involvement of NO in the onset of differentiation
rather than influencing the maturation process.

Both eNOS and iNOS were present in differentiating
adipocytes, confirming the findings reported by others
(11, 13, 27). eNOS protein was readily detectable by im-
munoblotting whereas iNOS expression could only be
detected by RT-PCR. Further, specific iNOS inhibitors
(1400W and AG) had little influence on NO production
and preadipocyte differentiation, thereby suggesting that
eNOS rather than iNOS was the major isoenzyme in-
volved. However, the concurrent induction of iNOS and
increased NO production raised the possibility that iNOS
may also be involved in preadipocyte differentiation (28).
It is feasible that both iNOS and eNOS function to aug-
ment preadipocyte differentiation, with eNOS playing a
more predominant role. Our present findings lend sup-
port to the proposal of a role of eNOS in influencing adi-
pose tissue mass, where increased NO production and ex-
pression of eNOS have been observed in subcutaneous
and omental adipose tissue samples derived from obese
subjects (11-13).

Our data demonstrated, for the first time, that NO was
involved in the positive modulation of preadipocyte differ-
entiation. Further dissection of the complex actions of
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NO in adipose cells may provide new insights into the
control of adiposity and potential targets in the treatment
of obesity. il

This study was supported by an operating grant from the Heart
and Stroke Foundation of Alberta. M.A-H. was supported in
part by the University of Calgary Graduate Fellowship Program.
The superb technical assistance of Claudia Bayer, Yash Patel,
and Tim Yeung is gratefully acknowledged.

10.

11.

12.

REFERENCES

. Smas, C. M., and H. S. Sul. 1995. Control of adipocyte differentia-

tion. Biochem. J. 309: 697-710.

Gregoire, F. M., C. M. Smas, and H. S. Sul. 1998. Understanding
adipocyte differentiation. Physiol. Rev. 78: 783-809.

MacDougald, O. A., and M. D. Lane. 1995. Transcriptional regula-
tion of gene expression during adipocyte differentiation. Annu.
Rev. Biochem. 64: 345-373.

Morrison, R. F,, and S. R. Farmer. 2000. Hormonal signaling and
transcriptional control of adipocyte differentiation. J. Nutr 130:
3116S-31218.

Rosen, E. D., and B. M. Spiegelman. 2000. Molecular regulation of
adipogenesis. Annu. Rev. Cell Dev. Biol. 16: 145-171.

Chen, G., K. Koyama, X. Yuan, Y. Lee, Y. T. Zhou, R. O’Doherty, C. B.
Newgard, and R. H. Unger. 1996. Disappearance of body fat in
normal rats induced by adenovirus-mediated leptin gene therapy.
Proc. Natl. Acad. Sci. USA. 93: 14795-14799.

Kuzin, B., I. Roberts, N. Peunova, and G. Enikolopov. 1996. Nitric
oxide regulates cell proliferation during Drosophila development.
Cell. 87: 639-649.

Patel, R. P, D. Moellering, J. Murphy-Ullrich, H. Jo, J. S. Beckman,
and V. M. Darley-Usmar. 2000. Cell signaling by reactive nitrogen
and oxygen species in atherosclerosis. Free Radic. Biol. Med. 28:
1780-1794.

Ribiere, C., A. M. Jaubert, N. Gaudiot, D. Sabourault, M. L. Mar-
cus, J. L. Boucher, D. Denis-Henriot, and Y. Giudicelli. 1996. White
adipose tissue nitric oxide synthase: a potential source for NO pro-
duction. Biochem. Biophys. Res. Commun. 222: 706-712.

Kapur, S., F. Picard, M. Perreault, Y. Deshaies, and A. Marette.
2000. Nitric oxide: a new player in the modulation of energy me-
tabolism. Int. J. Obes. Relat. Metab. Disord. 24(Suppl 4): S36—40.
Elizalde, M., M. Ryden, V. van Harmelen, P. Eneroth, H. Gyllenham-
mar, C. Holm, S. Ramel, A. Olund, P. Arner, and K. Andersson.
2000. Expression of nitric oxide synthases in subcutaneous adipose
tissue of nonobese and obese humans. J. Lipid Res. 41: 1244-1251.
Choi, J. W,, S. H. Paj, S. K. Kim, M. Ito, C. S. Park, and Y. N. Cha.
2001. Increases in nitric oxide concentrations correlate strongly
with body fat in obese humans. Clin. Chem. 47: 1106-1109.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Ryden, M., M. Elizalde, V. van Harmelen, A. Ohlund, J. Hoffstedt,
S. Bringman, and K. Andersson. 2001. Increased expression of
eNOS protein in omental versus subcutaneous adipose tissue in
obese human subjects. Int. J. Obes. Relat. Metab. Disord. 25: 811-815.
Gaudiot, N., C. Ribiere, A. M. Jaubert, and Y. Giudicelli. 2000. En-
dogenous nitric oxide is implicated in the regulation of lipolysis
through antioxidantrelated effect. Am. J. Physiol. Cell Physiol. 279:
C1603-1610.

Gaudiot, N., A. M. Jaubert, E. Charbonnier, D. Sabourault, D.
Lacasa, Y. Giudicelli, and C. Ribiere. 1998. Modulation of white ad-
ipose tissue lipolysis by nitric oxide. J. Biol. Chem. 273: 13475—
13481.

Nisoli, E., E. Clementi, C. Tonello, C. Sciorati, L. Briscini, and M. O.
Carruba. 1998. Effects of nitric oxide on proliferation and differ-
entiation of rat brown adipocytes in primary cultures. Br. J. Phar-
macol. 125: 888-894.

Shillabeer, G., J. M. Forden, J. C. Russell, and D. C. Lau. 1990. Par-
adoxically slow preadipocyte replication and differentiation in cor-
pulent rats. Am. J. Physiol. 258: E368-376.

Jeon, Y. J., S. H. Han, Y. W. Lee, S. S. Yea, and K. H. Yang. 1998. In-
hibition of NF-kappa B/Rel nuclear translocation by dexametha-
sone: mechanism for the inhibition of iNOS gene expression. Bio-
chem. Mol. Biol. Int. 45: 435—441.

Shillabeer, G., Z. H. Li, G. Hatch, V. Kumar, and D. C. Lau. 1996. A
novel method for studying preadipocyte differentiation in vitro.
Int. J. Obes. Relat. Metab. Disord. 20(Suppl 3): S77-83.

Li, Z. H., R. Carraro, R. I. Gregerman, and D. C. Lau. 1998. Adipo-
cyte differentiation factor (ADF): a protein secreted by mature fat
cells that induces preadipocyte differentiation in culture. Cell Biol.
Int. 22: 253-270.

Kozak, L. P, and J. T. Jensen. 1974. Genetic and developmental
control of multiple forms of L-glycerol 3-phosphate dehydroge-
nase. J. Biol. Chem. 249: 7775-7781.

Ramirez, 1., A. J. Kryski, O. Ben-Zeev, M. C. Schotz, and D. L. Sever-
son. 1985. Characterization of triacylglycerol hydrolase activities in
isolated myocardial cells from rat heart. Biochem. J. 232: 229-236.
Gauthier, B., M. Robb, and R. McPherson. 1999. Cholesteryl ester
transfer protein gene expression during differentiation of human
preadipocytes to adipocytes in primary culture. Atherosclerosis. 142:
301-307.

Moncada, S., R. M. Palmer, and E. A. Higgs. 1991. Nitric oxide:
physiology, pathophysiology, and pharmacology. Pharmacol. Rev.
43: 109-142.

Lowenstein, C. J., J. L. Dinerman, and S. H. Snyder. 1994. Nitric
oxide: a physiologic messenger. Ann. Intern. Med. 120: 227-237.
Forstermann, U., I. Gath, P. Schwarz, E. I. Closs, and H. Kleinert.
1995. Isoforms of nitric oxide synthase. Properties, cellular distri-
bution and expressional control. Biochem. Pharmacol. 50: 1321—
1332.

Kikuchi-Utsumi, K., B. Gao, H. Ohinata, M. Hashimoto, N. Yama-
moto, and A. Kuroshima. 2002. Enhanced gene expression of en-
dothelial nitric oxide synthase in brown adipose tissue during cold
exposure. Am. J. Physiol. Regul. Integr. Comp. Physiol. 282: R623-626.
Andrew, P. J., and B. Mayer. 1999. Enzymatic function of nitric ox-
ide synthases. Cardiovasc. Res. 43: 521-531.

Yan et al. Nitric oxide promotes adipogenesis 2129

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

