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Abstract Cyclooxygenase (COX) catalyses the rate-limiting
step of prostanoid biosynthesis. Two COX isoforms have
been identified, COX-1, the constitutive form, and COX-2,
the inducible form. While COX-2 has been implicated in
body fat regulation, the underlying cellular mechanism re-
mains to be elucidated. The present study was undertaken
to examine the potential role of COX in modulating adipo-
genesis and to dissect the relative contribution of the two
isoenzymes in this process. COX-2 was found to be ex-
pressed in undifferentiated 3T3-L1 cells and down-regu-
lated during differentiation, whereas the cellular level of
COX-1 remained relatively constant. Abrogating the activity
of either of these two isoenzymes by selective COX inhibi-
tors accelerated cellular differentiation, suggesting that
both COX isoenzymes negatively influenced differentiation.
Tumor necrosis factor-

 

�

 

 (TNF

 

�

 

) significantly up-regulated

 

COX-2 expression (

 

�

 

2-fold) in differentiating 3T3-L1 cells,
whereas similar effect was not observed with COX-1 expres-
sion. Abrogating the induced COX-2 activity reversed the
TNF

 

�

 

-induced inhibition of differentiation by 

 

�

 

70%, im-
plying a role for COX-2 in mediating TNF

 

�

 

 signaling.
Hence, both COX isoforms were involved in the negative
modulation of adipocyte differentiation. COX-2 appeared
to be the main isoform mediating at least part of the nega-
tive effects of TNF

 

�

 

.

 

—Yan, H., A. Kermouni, M. Abdel-
Hafez, and D. C. W. Lau.
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Cyclooxygenase (COX) catalyzes the rate-limiting step
of prostanoid biosynthesis and controls the first commit-
ted step of prostanoid formation. The availability of this
enzyme directly relates to the abundance of prostaglandin
(PG) production. Two COX isoforms have been identi-
fied, COX-1, the constitutive form, and COX-2, the induc-
ible form. While the former is believed to be responsible
for homeostasis, the latter is thought to exert actions

 

mainly in pathological states (1, 2). The divergent func-
tion of these two COX isoforms may be attributable to the
availability of the enzyme under particular settings or the
functional coupling with different downstream terminal
PG synthases (3, 4). A recent study suggested that COX-2
might be involved in body fat regulation (5). Mice het-
erozygous for the COX-2 gene showed increased body
weight by about 30%, with fat pads enlarged 2–3-fold
when compared with those from the wild-type animals. In
comparison, mice lacking COX-1 gene appeared normal
in phenotype and body fat content. These findings sug-
gested that COX-2 might be involved in body fat regula-
tion in vivo, whereas the role of COX-1 remains obscure.
The underlying cellular mechanism for the COX-2 effect
remains to be elucidated.

Adipogenesis is a crucial aspect in controlling body
fat mass. The acquisition of the mature adipocyte phe-
notype is a highly regulated process in which preadipo-
cytes undergo differentiation resulting in both in-
creased size and number of mature adipocytes in the
adipose tissue. Our previous study showed that COX
pathway might be involved in regulating this process
(6). The present study was undertaken to further eluci-
date the underlying cellular mechanisms. 3T3-L1 cells
were used as the model system and a pharmacological
inhibition approach using highly selective COX inhibi-
tors was employed to dissect the relative contributions
of the two COX isoenzymes. The role of COXs under
stimulation of tumor necrosis factor-

 

�

 

 (TNF

 

�

 

), an adi-
pokine abundantly produced by adipocytes and a po-
tent negative regulator of adipogenesis, was also ex-
plored.

 

Abbreviations: c/EBP

 

�

 

, aP2, adipocyte fatty acid-binding protein;
CCAAT/enhancer-binding protein 

 

�

 

; COX, cyclooxygenase; DD, day
of differentiation; Dex, dexamethasone; DMEM, Dulbecco’s modified
Eagle’s medium; GLUT4, glucose transporter-4; GPDH, glycerol-3-phos-

 

phate dehydrogenase; HRP, horseradish peroxidase; MIX, 1-methyl-

 

3-isobutylxanthine; PG, prostaglandin; PPAR

 

�

 

2, peroxisome-prolifera-
tor-activated receptor 

 

�

 

 2; TNF

 

�

 

, tumor necrosis factor-

 

�

 

.
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MATERIALS AND METHODS

 

Reagents

 

Dulbecco’s modified Eagle’s medium (DMEM), calf serum, and
fetal bovine serum were purchased from Gibco BRL (Burlington,
ON). Insulin, 1-methyl-3-isobutylxanthine (MIX), and dexametha-
sone (Dex) were obtained from Sigma Chemical Co. (St. Louis,
MO). Rosiglitazone was purchased from SmithKline Beecham
Pharma (Oakville, Canada). The selective COX-2 inhibitor cele-
coxib was a kind gift from Dr. Ching-Shih Chen (University of Ken-
tucky). The other specific COX-2 inhibitor, NS-398, and COX-1 in-
hibitor, SC-560, were purchased from Cayman Chemicals (Ann
Arbor, MI). Rabbit adipocyte fatty acid-binding protein (aP2) anti-
serum was obtained from Alpha Diagnostic International, Inc.
(San Antonio, TX). Goat polyclonal antibodies against COX-1,
COX-2, glucose transporter-4 (GLUT4), rabbit polyclonal antibod-
ies against peroxisome-proliferator-activated receptor 

 

�

 

 (PPAR

 

�

 

),
CCAAT/enhancer-binding protein 

 

�

 

 (c/EPB

 

�

 

), the blocking pep-
tide for COX-1, and the horseradish peroxidase (HRP) conju-
gated secondary antibodies (anti-goat IgG and anti-rabbit IgG)
were products of Santa Cruz Biotechnology (Santa Cruz, CA).

 

Cell culture and differentiation

 

3T3-L1 cells were obtained from American Type Culture Col-
lection (Rockville, MD). Cells were maintained in DMEM con-
taining 10% calf serum, 100 U/ml penicillin, and 100 

 

�

 

g/ml
streptomycin. Differentiation induction was performed at 2 days
post-confluence [day 0 of differentiation (DD0)] in DMEM sup-
plemented with 10% fetal bovine serum. For standard induction
of differentiation, cells were exposed to 1.7 

 

�

 

M insulin, 0.5 mM
MIX, and 1 

 

�

 

M dexamethasone for 2 days, followed by 0.4 

 

�

 

M
insulin and 1 

 

�

 

M dexamethasone for another 2 days. To avoid
the potential interference of dexamethasone (Dex) on COX ex-
pression, a modified differentiation cocktail was used in most ex-
periments, in which Dex was replaced by 2 

 

�

 

M of rosiglitazone in
the hormonal cocktail described earlier. By using this protocol,
about 60–70% of cells underwent differentiation by day 4 of dif-
ferentiation. In order to accentuate the COX effect on differenti-
ation, cells were differentiated in one set of experiments under
conditions that would induce partial maturation (40% vs.

 

�

 

95%): 0.17 

 

�

 

M insulin, 0.5 mM MIX, and 0.1 

 

�

 

M Dex for 2
days, followed by 0.04 

 

�

 

M insulin and 0.1 

 

�

 

M Dex for another 2
days.

 

Glycerol-3 phosphate dehydrogenase activity

 

Following different treatments as indicated, cells were washed
thrice with phosphate-buffered saline (PBS), harvested in 10 mM
Tris-EDTA buffer (pH 7.4), and sonicated. Following centrifuga-
tion at 100,000 

 

g

 

 for 10 min at 4

 

�

 

C, the supernatant was col-
lected. Protein content was determined by the Bradford method
(Bio-Rad Laboratories, Inc., Mississauga, ON), and glycerol-3-phos-
phate dehydrogenase (GPDH) activity was quantified according
to the method of Kozak and Jensen (7). One unit of specific en-
zyme activity corresponded to the oxidation of 1 nmol of NADH/
min/mg protein.

 

Western blot analysis

 

Cells were rinsed thrice with PBS, and scraped into lysis
buffer [125 mM NaCl, 2 mM EDTA, 50 mM HEPES (pH 7.4), 1%
Triton X-100, 1 mM DTT] supplemented with pepstatin (5 

 

�

 

g/
ml), leupeptin (5 

 

�

 

g/ml), and phenylmethylsulfonyl fluoride
(1 mM). After centrifugation at 12,000 

 

g

 

 for 15 min at 4

 

�

 

C, the
soluble fraction was collected, and protein content was deter-
mined. Twenty micrograms of total protein was separated by
SDS-PAGE (10–12% gel) and electroblotted onto polyvinyli-
dene difluoride (PVDF) membranes (Bio-Rad Laboratories, Inc.)

Pausau S staining was performed after transfer to confirm sam-
ple loading and transfer efficiency. After blocking with 5%
skimmed milk [in TBS containing 0.05% Tween 20 (TBST)] for
30–60 min at room temperature (RT), the membrane was incu-
bated with the primary antibody at the appropriate dilution
(goat anti-COX-2, 1:2,000; goat anti-COX-1 and anti-GLUT4,
1:1,000; rabbit anti-PPAR

 

�

 

 and anti-c/EBP

 

�

 

, 1:1,000; rabbit anti-

Fig. 1. Cyclooxygenase (COX)-2 and COX-1 expression in 3T3-L1
cells. 3T3-L1 cells at 2 days post confluence [day 0 of differentiation
(DD0)] were induced to differentiate by a standard hormonal cock-
tail consisting of 1.7 �M insulin, 0.5 mM 1-methyl-3-isobutylxanthine
(MIX), and 1 �M dexamethasone (Dex) for the initial 2 days, fol-
lowed by 0.4 �M insulin and 1 �M Dex for another 2 days (A); or by a
Dex-free modified hormonal cocktail (Dex-free) in which Dex was re-
placed by 2 �M rosiglitazone in the above cocktail (C); or the cells
were exposed to Dex (1 �M) alone up to 5 days (B). Cells were har-
vested at the indicated times from day 0 (DD0) to day 7 (DD7) of dif-
ferentiation in A, and to day 11 (DD11) in C. Twenty micrograms of
total protein was separated by SDS-PAGE and immunoblotted with
specific antibodies for COX-1, COX-2, and/or aP2, and PPAR�. Two
bands were detected in the COX-1 blots; the lower band was con-
firmed to be the specific band by peptide blocking.
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serum against aP2, 1:2,000) at 4

 

�

 

C overnight or at RT for 1 h. Af-
ter washing thrice with TBST, the membrane was probed with
HRP conjugated secondary antibody (anti-goat or anti-rabbit IgG
at 1:2,000 for COX-2 and aP2, and 1:1,000 for COX-1, PPAR

 

�

 

,
c/EBP

 

�

 

, and GLUT4) at RT for 1 h. The membrane was then
washed thrice with TBST, and signal was visualized by enhanced
chemiluminescence (Amersham, Buckinghamshire). After expo-
sure to Kodak X-OMAT AR film, the immunoblot exposures
were scanned, and bands were quantified using NIH Image 1.55.

 

Statistical analysis

 

Quantitative data were expressed as means 

 

�

 

 SD from at least
three independent experiments, and analyzed by the two-tailed
Student’s 

 

t

 

-test.

 

RESULTS

 

Expression pattern of COX-1 and COX-2 during 
3T3-L1 differentiation

 

The expression of COX-1 and COX-2 during differenti-
ation was determined by immunoblotting. COX-2 was
found to be expressed in undifferentiated 3T3-L1 cells,
and the expression was down-regulated during differentia-
tion. COX-1 expression, in comparison, remained rela-
tively stable over the 7-day period (

 

Fig. 1A

 

). As Dex, a key
ingredient in the standard differentiation cocktail, has
been shown to down-regulate COX-2 expression by affect-
ing its mRNA stability (8), we examined the direct effect
of Dex on COX-2 expression in 3T3-L1 cells. COX-2 pro-
tein expression was unaltered up to 5 days following Dex
treatment (Fig. 1B). To further ascertain the notion that
decreased COX-2 was a differentiation-dependent event, a
modified Dex-free hormonal cocktail containing rosiglita-
zone was used to induce differentiation. Similar expres-
sion patterns of COXs were observed under this condition
(Fig. 1C).

Fig. 2. Abrogating COX-2 and COX-1 activity enhanced differen-
tiation in 3T3-L1 cells. A: 3T3-L1 cells (DD0) were induced to un-
dergo differentiation by the modified hormonal cocktail (Dex free)
in the presence or absence of COX-2 inhibitors (celecoxib and NS-
398) or COX-1 inhibitor (SC-560) at the indicated concentrations.
Cells were harvested on differentiation day 5 and glycerol-3-phos-
phate dehydrogenase (GPDH) activity was assayed. Results repre-
sent the mean � SD of three experiments. An asterisk denotes P �
0.05 versus control [hormonal cocktail (Dex free) � vehicle]. B:
3T3-L1 cells were induced to undergo partial differentiation by us-
ing a hormonal cocktail consisting of 0.17 �M insulin, 0.5 mM
MIX, and 0.1 �M Dex for the initial 2 days, followed by 0.04 �M in-
sulin and 0.1 �M Dex for another 2 days. COX-2 inhibitor (NS-398)
or COX-1 inhibitor (SC-560) was added to the differentiation me-
dium at the indicated concentrations. Cells were harvested on day 4
(DD4) and 7 (DD7) of differentiation. Twenty micrograms of total
protein was separated by SDS-PAGE and immunoblotted with spe-
cific antibodies for aP2, glucose transporter-4 (GLUT4), PPAR�,
and CCAAT/enhancer binding protein � (c/EBP�).

Fig. 3. Tumor necrosis factor-� (TNF�) upregulated COX-2 pro-
tein expression in differentiating 3T3-L1 cells. A: Time course: 3T3-
L1 cells were exposed to 1 nM TNF� in the presence of the modi-
fied hormonal cocktail (Dex free) and cells were collected at the in-
dicated times. B: Dose-response: 3T3-L1 cells were exposed to in-
creasing doses of TNF� in the presence of the modified hormonal
cocktail (Dex free), and cells were harvested at 48 h after treatment.
COX-2 and COX-1 expression was determined by immunoblotting.
Quantitative data represent the mean � SD of three experiments.
Asterisk denotes P � 0.05 versus control (Dex free cocktail alone).
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COX inhibitors enhanced differentiation in 3T3-L1 cells

 

Both COX-1 and COX-2 inhibitors were found to en-
hance differentiation, as suggested by the augmented
GPDH-specific activity (

 

Fig. 2A

 

). A more profound ef-
fect was observed when cells were induced to undergo
partial differentiation, as indicated by the enhanced ex-
pression of PPAR

 

�

 

2, c/EBP

 

�

 

, aP2, and GLUT4 (Fig.
2B), as well as increased GPDH-specific activity (data
not shown).

 

TNF

 

�

 

 upregulated COX-2 expression and COX-2
inhibitors partly reversed TNF

 

�

 

-induced inhibition
of differentiation

 

Adipogenesis is subject to both positive and negative reg-
ulation in vivo (9–11). While COX-1 and COX-2 both ex-
erted an inhibitory effect on differentiation in the presence
of positive adipogenic stimuli, the next question was
whether they functioned in concert in response to negative
signals. To this end, we examined the role of these two
COX isoenzymes in the presence of TNF

 

�

 

, a potent nega-
tive regulator of adipogenesis. TNF

 

�

 

 was found to up-regu-
late COX-2 expression in a dose- and time-dependent fash-
ion, with the earliest induction seen at 6 h and a maximum
induction of up to 2-fold (

 

Fig. 3

 

). No induction was ob-
served with COX-1 expression (Fig. 3A). To further exam-
ine whether the induced COX-2 activity mediated the
TNF

 

�

 

 signaling, specific COX-2 inhibitors were employed.
Abrogating the induced COX-2 activity by specific COX-2
inhibitors reversed the TNF

 

�

 

-induced differentiation inhi-
bition by 

 

�

 

70%, as assessed by GPDH-specific activity (

 

Fig.
4A

 

) as well as aP2 and GLUT4 expression (Fig. 4B).

DISCUSSION

Prostaglandins are a class of lipid mediators comprised
of PGE

 

2

 

, PGI

 

2

 

, PGD

 

2

 

, PGF

 

2

 

�

 

, and their metabolites. COX
catalyzes the first committed step of PG biosynthesis and
plays a central role in PG production (12). Two COX iso-
forms have been identified, COX-1, the constitutive form,
and COX-2, the inducible form (1, 2). The two isoforms
are encoded by different genes located at different chro-
mosomes and appear to exert different actions in the or-
ganism (13). Our earlier work and that of others (6, 14,
15) have demonstrated that the COX pathway is involved
in the regulation of adipogenesis. However, the relative
contributions of the two COX isoenzymes to the differen-
tiation program as well as the underlying mechanisms re-
main to be elucidated. In the present study we mapped
the COX protein expression profile during differentiation
in 3T3-L1 cells. Both COX-1 and COX-2 proteins were de-
tectable in undifferentiated 3T3-L1 cells. COX-1 protein
level remained unchanged, whereas COX-2 expression was
down-regulated during differentiation. The decrement in
COX-2 expression appeared to be a differentiation-depen-
dent event based on two separate observations. First, cells
differentiated by different induction cocktails, in the ab-
sence or presence of Dex, showed similar expression pat-
terns. Second, Dex did not exert direct influence on
COX-2 protein expression in 3T3-L1 cells. Thus, COX-2
appeared to the COX isoform regulated during differenti-
ation. It is known that COX-2 expression is highly regu-
lated at transcription level, mainly via the NF-

 

	

 

B pathway
(2). Recent studies showed that the NF-

 

	

 

B pathway is sup-
pressed by PPAR

 

�

 

 (16), the key regulator of adipocyte dif-

Fig. 4. COX-2 inhibitors partly reversed TNF�-induced
differentiation inhibition. 3T3-L1 cells were induced to un-
dergo differentiation by the modified hormonal cocktail
(Dex free). TNF� (125 pM) was concomitantly added to
the differentiation medium in the presence or absence of
the specific COX-2 inhibitors (0.125 �M celecoxib or 0.1
�M NS-398). Cells were harvested at differentiation day 8.
GPDH-specific activity was quantified (A) and protein ex-
pression of aP2 and GLUT4 was determined by immuno-
blotting (B). Quantitative data represent the mean � SD of
three experiments. Double asterisks denote P � 0.01 versus
TNF� treated cells.
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ferentiation. It is thus plausible that the constitutive ac-
tivation of PPAR

 

� during differentiation, possibly via
suppression of the NF-	B pathway, down-regulates COX-2
expression. This cellular mechanism may explain how
COX-2 expression is down-regulated during differentia-
tion and warrants further investigation.

To our knowledge, this is the first report that has exam-
ined COX protein expression, coupled with functional
studies, during differentiation. A previous study has re-
ported COX transcription profile in OB177A cells, but
functional studies were not carried out (17). The detec-
tion of COX-2 in 3T3-L1 cells in the basal state was some-
what unexpected, as COX-2 is generally considered to be
the inducible form of COX, present mainly in the stimu-
lated state. However, recent studies suggest that this iso-
form may indeed be present under unstimulated condi-
tions in such tissues as brain (18), kidney (19), and
trachea (20). As COX-1 and COX-2 showed distinct ex-
pression patterns during differentiation (Fig. 1A, C), one
would expect that they might exert different effects on ad-
ipose cell differentiation. However, blocking the activity of
either of the two COX isoforms with specific inhibitors re-
vealed similar effects. Differentiation was augmented in
both cases, suggesting that both COX-1 and COX-2 were
involved in the negative modulation of differentiation.
Moreover, the enhancement on differentiation was com-
parable under both conditions (Fig. 2A, B), suggesting
that both COX-1 and COX-2 contributed to a similar ex-
tent toward preadipocyte differentiation. As both isoforms
negatively influenced the signals for differentiation, it
would appear unlikely that any downstream products cata-
lyzed by the COX pathway would exert a major positive ef-
fect on adipose cell differentiation. Hence, our findings
raised the question of the physiological relevance of PGJ2,
a downstream prostanoid of the COX pathway purported
to be an endogenous ligand of PPAR� and a potent in-
ducer of differentiation (21). The fact that no appreciable
quantity of PGJ2 has been detected in vivo lends further
support for the potential role of COX-1 and COX-2 as
negative modulators of adipose cell differentiation.

The distinctly different expression patterns of COX-1
and COX-2 during differentiation suggested that these
isoforms might play different roles in adipose cell biology.
While both COX isoenzymes appeared to function simi-
larly in the presence of positive adipogenic stimuli, the
possibility existed that they might act differently in re-
sponse to negative signals. We used TNF�, a negative reg-
ulator of adipogenesis, in our next series of experiments
to address this question. TNF� is a cytokine produced by
adipocytes and is present in abundance in the obese states
(22). It is known to inhibit adipocyte conversion (23) and
has also been shown to be a potent inducer for COX-2 but
not for the constitutive COX-1 (24). It is thus feasible that
COX-2, but not COX-1, might function as a mediator in
the presence of negative signals such as TNF�. Indeed,
our experiments demonstrated that COX-2 was up-regu-
lated by TNF� in differentiating 3T3-L1 cells, whereas a
similar effect was not observed with COX-1 expression.
Abrogating the induced COX-2 activity by specific COX-2

inhibitors reversed the TNF�-induced inhibition of differ-
entiation by about 70%, suggesting that COX-2 was the
principal isoenzyme mediating TNF� action. A similar
modulating effect of COX-2 has also been reported in adi-
ponectin signaling (25). Our present findings are in keep-
ing with the observations reported in knockout mice defi-
cient in the COX isoforms. Mice heterozygous for the
COX-2 gene were found to be obese (5), with 30% more
body fat than the wild-type animals. The phenotype for
COX-1 knockout mice was identical to the wild-type, with
no change in body fat content. Hence, the differential re-
sponses of the two COX isoenzymes to negative stimuli
may explain the different phenotypic changes in adiposity
between the COX-2 and COX-1 knockout animals.

In conclusion, both COX-1 and COX-2 negatively influ-
enced adipose cell differentiation. COX-2 was the major
isoform involved in mediating some of the TNF� negative
effects on adipogenesis. It could be reasoned that COX-2
may play a more important role in body fat regulation in
vivo. Further dissection of the complex action of this
isoenzyme and the underlying mechanisms regulating
COX-2 may provide new insights into the control of re-
gional and total body fat and potential new targets for the
treatment of obesity.
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