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Abstract

Activation of peroxisome proliferator-activated receptor
(PPAR) v, a nuclear receptor highly expressed in adipo-
cytes, induces the differentiation of murine preadipocyte
cell lines. Recently, thiazolidinediones (TZDs), a novel class
of insulin-sensitizing compounds effective in the treatment
of non-insulin-dependent diabetes mellitus (NIDDM) have
been shown to bind to PPAR<y with high affinity. We have
examined the effects of these compounds on the differentia-
tion of human preadipocytes derived from subcutaneous
(SC) and omental (Om) fat. Assessed by lipid accumulation,
glycerol 3-phosphate dehydrogenase activity, and mRNA
levels, subcultured preadipocytes isolated from either SC or
Om depots did not differentiate in defined serum-free me-
dium. Addition of TZDs (BRL49653 or troglitazone) or 15-
deoxyA'*"prostaglandin J, (a natural PPARYy ligand) en-
hanced markedly the differentiation of preadipocytes from
SC sites, assessed by all three criteria. The rank order of po-
tency of these agents in inducing differentiation matched
their ability to activate transcription via human PPARYy. In
contrast, preadipocytes from Om sites in the same individu-
als were refractory to TZDs, although PPARy was ex-
pressed at similar levels in both depots. The mechanism of
this depot-specific TZD response is unknown. However,
given the association between Om adiposity and NIDDM,
the site-specific responsiveness of human preadipocytes to
TZDs may be involved in the beneficial effects of these com-
pounds on in vivo insulin sensitivity. (J. Clin. Invest. 1997.
100:3149-3153.) Key words: thiazolidinediones « human adi-
pocyte differentiation . peroxisome proliferator-activated
receptor « insulin resistance
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Introduction

Thiazolidinediones (TZDs)! are orally active agents that en-
hance insulin sensitivity in vivo. Although their precise mecha-
nism of action is unknown, they are of proven efficacy in the
treatment of non—insulin-dependent diabetes mellitus (1) and
amelioration of insulin resistance associated with polycystic
ovary syndrome (2). Based on studies in murine cell lines, it
has been recognized recently that the compounds are ligands
for the peroxisome proliferator—activated receptor (PPAR) v,
a nuclear hormone receptor that is highly expressed in adipose
tissue (3, 4). The two isoforms of PPARYy, -yl and -vy2, share
sequence homology with the related receptors PPARa and
PPARS, although each receptor subtype differs in tissue distri-
bution. As the antihyperglycemic potential of TZDs is propor-
tional to their potency in activation of PPARYy (5, 6), this raises
the possibility that the insulin-sensitizing effects of TZDs may
be mediated through activation of this receptor. However,
TZDs, acting through PPARYy, are also potent promoters of
murine preadipocyte differentiation. As obesity is the most
common cause of human insulin resistance, this presents the
intriguing paradox that TZDs, although adipogenic in vitro,
are effective insulin sensitizing agents in vivo.

In humans, adipose tissue is dynamic, with the lifelong po-
tential for hyperplasia through preadipocyte replication and
differentiation. Preadipocytes are precursor cells found in the
stromovascular compartment that are committed to the adipo-
cyte lineage. Differentiation involves a complex regulatory
pathway controlled by the coordinate expression of specific
regulatory genes and several transcription factors, including
ADD1 (7), C/EBPq, -B, and -y (8), and CHOP (9) as well as
PPARY~y have been implicated in this process. The tissue speci-
ficity of PPARy expression, combined with its ability to modu-
late the transcription of adipocyte-specific genes, suggests that
PPARY in particular plays an important role in preadipocyte
differentiation. This suggestion is strengthened by the rapid
and sustained increase in the expression of PPARy2 mRNA
which accompanies differentiation of cultured murine preadi-
pocyte cell lines (10), the ability of PPARy ligands to induce
differentiation in these cell lines (11-13), and the induction of
adipocyte-specific genes and accumulation of lipid observed in
fibroblasts and myoblasts after retrovirally mediated overex-
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1. Abbreviations used in this paper: DAP, dihydroxyacetone phosphate;
15dPGJ,, 15-deoxyA>prostaglandin J,; G3PDH, glycerol 3-phos-
phate dehydrogenase; h, human; Om, omental; PPAR, peroxisome
proliferator—activated receptor; RT-PCR, reverse-transcriptase PCR;
SC, subcutaneous; TZD, thiazolidinedione.
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pression of PPARY2 (10, 14). To date, investigation of the role
of PPARY in preadipocyte differentiation has focused prima-
rily on murine preadipocyte cell lines. However, although
these provide useful model systems, the role of PPARy stimu-
lation in human preadipocyte differentiation has not been ad-
dressed.

Given the key role that PPARy plays in murine preadipocyte
differentiation, and in view of the potential clinical applications
of the TZD class of insulin sensitizers, we have investigated the
ability of these compounds and 15-deoxyA'>!“prostaglandin J,
(15dPGJ,, a putative endogenous ligand for PPARy) to acti-
vate a human PPARYy reporter construct in vitro. In parallel,
we have investigated the expression of PPARYy isoforms in hu-
man tissues and examined the ability of TZDs and 15dPGJ, to
promote differentiation of human preadipocytes. As the accu-
mulation of omental (Om) fat is much more strongly associ-
ated with insulin resistance than is subcutaneous (SC) obesity,
we have also sought to explore whether there are any poten-
tially relevant adipose depot-specific effects of TZDs.

Methods

Plasmid constructs. GAL4-PPARYy contains residues 175-477 of the
human (h) PPARy hormone binding domain, PCR-amplified from
human adipocyte RNA and cloned into the EcoRI site of pSG424.
GALA4-PPARS contains residues 138-440 of hPPARS. UAS-TKLUC
luciferase reporter, containing two copies of the GAL4 17-mer bind-
ing site, and Bos—3-GAL have been described previously (15).

Transfection studies. 1BR cells (16), grown on 24-well plates in
DME plus 1% penicillin/streptomycin/fungizone (GIBCO BRL,
Gaithersburg, MD), were transfected with 10 ng of receptor expres-
sion vector, 500 ng of UAS-TKLUC reporter plasmid, and 100 ng of
Bos—B-GAL internal control by 4-h exposure to CaPO,. After an ad-
ditional 40-h incubation with either drug or the appropriate vehicle,
cells were lysed, luciferase values were normalized to 3-galactosidase
activity, and fold-activation was calculated as described previously
(15).

Patient recruitment and adipose biopsy. Om and abdominal SC
adipose tissue biopsies were obtained from patients undergoing elec-
tive open-abdominal surgery. All patients fasted for at least 6 h pre-
operatively, and all underwent general anesthesia. None of the pa-
tients had diabetes or severe systemic illness or had had any recent
weight change. None were taking medications known to affect adi-
pose tissue mass or metabolism. Cambridge Local Research Ethics
Committee approval was obtained, and all patients gave their in-
formed consent.

Preadipocyte culture and differentiation. Biopsies were transported
to the laboratory in normal saline (transport time 5 min), and preadi-
pocytes and adipocytes were obtained by collagenase digestion and
centrifugation using standard protocols. Preadipocytes were cultured
in DME/Ham’s F12 medium supplemented with 10% FBS and antibi-
otics. Cultures were passaged two to three times and grown to conflu-
ence. At confluence, the medium was changed to a serum-free hor-
monally modified differentiating medium (17), with addition of
compound or vehicle as appropriate.

Glycerol 3-phosphate dehydrogenase (G3PDH) activity. Preadipo-
cytes cultured in six-well plates were washed in PBS (pH 7.4), har-
vested into 1 ml of ice-cold Tris (pH 7.5) containing 1 mM EDTA and
500 uM DL-DTT, and transferred to a prechilled microtube. Cells
were disrupted by sonication and then centrifuged at 12,000 g for 15
min at 2°C. The supernatant was then assayed for G3PDH activity in
a final concentration of 100 mM triethanolamine-HCI (pH 7.5), 2.5
mM EDTA, 0.12 mM NADH, 50 uM DL-DTT, and 0.2 mM dihy-
droxyacetone phosphate (DAP) in a 1-ml volume (250 wl superna-
tant/740 pl assay mixture minus substrate/10 pl DAP). The reaction
was initiated by the addition of DAP, and the Ay, was followed in a
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spectrophotometer (Shimadzu Scientific Instruments, Inc., Columbia,
MD) at 30°C over a 1-cm light path for 6 min to obtain an initial reac-
tion rate. Each of three culture wells was assayed in duplicate with a
suitable reagent blank containing distilled water instead of the en-
zyme’s substrate. An aliquot of the supernatant was assayed for pro-
tein using a standard method (18). The results were expressed as mil-
liunits per milligram of supernatant protein, 1 mU of enzyme activity
being the amount catalyzing the oxidation of 1 nmol NADH/min.

Reverse-transcriptase (RT) PCR. After isolation of adipocytes,
total RNA was extracted immediately using a guanidinium thiocya-
nate-phenol technique (TRIzol reagent; Sigma Chemical Co., St.
Louis, MO). G3PDH gene expression was quantified by quantitative
RT-PCR as described previously (19).

Western blotting. Preadipocytes and adipocytes were isolated
from adipose biopsies and lysed in RIPA buffer (1% NP-40, 1% so-
dium deoxycholate, 0.1% SDS, 0.15 M NacCl, 0.01 M NaPO,, pH 7.2,
and 2 mM EDTA containing 1 mM PMSF, 2 uM leupeptin, and 5 pg/
ml aprotinin). Cell extracts (40 pg protein) were subjected to SDS-
PAGE fractionation, blotted onto nitrocellulose membrane, and
probed with primary antibody. Immunoreactivity was visualized us-
ing an enhanced chemiluminescence kit (ECL; Amersham Corp., Ar-
lington Heights, IL).

Results

Activation of hAPPARy by TZDs and 15dPGJ,. The selectivity
of the TZDs BRL49653 and troglitazone, and 15dPGJ, for
hPPAR subtypes was characterized using chimeric receptors
containing the GAL4 DNA-binding domain linked to the hor-
mone-binding domain of either hPPARy (GAL4-PPARY) or
hPPARS (GAL4-PPARS). Exposure to BRL49653 (0.1-10
pM) caused a dose-related increase in transcription after
cotransfection with GAL4-PPARy and UAS-TKLUC re-
porter plasmids (Fig. 1 a). Similar effects were observed with
troglitazone (1-10 uM), although this compound was less po-
tent. However, SB209501, a structurally-related compound
that is inactive in studies of murine preadipocyte differentia-
tion, was unable to activate transcription in cells transfected
with GAL4-PPARYy (data not shown). Both BRL49653 (Fig. 1
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Figure 1. TZDs and 15dPGJ, activate transcription through hPPARYy
but not hPPARS. (a) 1BR cells were grown on 24-well plates and
transfected with 10 ng of GAL4-PPARYy (squares) or GAL4-PPARS
(circles) expression vector, 500 ng of UAS-TKLUC, and 100 ng of
Bos—B-GAL. Induction of normalized luciferase activity was deter-
mined after a 40-h incubation with increasing concentrations of
BRL49653 (filled symbols) or troglitazone (open symbols). Results
are the mean+SEM of four separate transfections, each done in trip-
licate wells. (b) As above, except the cells were cultured in increasing
concentrations of 15dPGJ,.
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Figure 2. TZDs increase G3PDH activity in SC preadipocytes. Cells
from the stromovascular fraction of SC adipose tissue biopsies were
grown to confluence on 3-cm plates. Differentiation medium was sup-
plemented with (a) BRL49653 or (b) troglitazone (10~% M, white bars,
1077 M, hatched bars; 10~ M, black bars; vehicle control, gray bars).
Cells were harvested 3, 5, or 10 d later, and G3PDH activity in cell ly-
sates was determined. Results are the mean=SEM of values obtained
from cells cultured from six different individuals.

a) and troglitazone (data not shown) failed to induce reporter
gene activity in the presence of GAL4-PPARS. Differences in
transcriptional activation by PPAR subtypes were also apparent
after exposure to 15dPGJ,; in the presence of the GAL4-PPARy
chimera, this prostanoid activated transcription maximally at a
concentration of 1 uM, whereas with GAL4-PPARS, a higher
concentration (10 nM) was able to induce only relatively low
levels of transcription (Fig. 1 b).

TZDs and 15dPGJ, promote differentiation of human
preadipocytes in culture. To investigate the role of hPPARYy in
the differentiation of human preadipocytes, cells from the
preadipocyte-enriched adipose tissue stromovascular fraction
obtained from SC abdominal adipose tissue were harvested
and subcultured two to three times. Individual preadipocyte
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cultures were then grown to confluence in serum-containing
medium before exposure to differentiation medium containing
insulin, T3, and hydrocortisone (termed day 0). After 10 d of
culture under these conditions, lipid accumulation was appar-
ent in < 5% of cells. In contrast, after supplementation of the
differentiation medium with 0.1 uM BRL49653, lipid droplets
were observed in 15-20% of the SC-derived cells. Similar re-
sults were observed after culture in medium supplemented
with 1 uM 15dPGJ,. More quantitative assessment of differen-
tiation was achieved by assay of G3PDH mRNA levels and en-
zyme activity. TZDs enhanced markedly G3PDH activity in
the SC-derived cells (Fig. 2). Thus, treatment of SC preadipo-
cytes with BRI.49653 caused an increase in activity that was
both dose- and time-related; enzyme activity was increased sig-
nificantly by each concentration at day 5, and by ~ 15-fold af-
ter 10 d of exposure to 10 uM BRL49653. This observation
was consistent among individuals (samples from six patients
studied) and highly significant (P < 0.001 vs. treatment with
vehicle only, by Student’s ¢ test). Exposure to troglitazone also
increased G3PDH activity in preadipocytes from the same in-
dividuals. However, this was apparent only after 10 d of cul-
ture. Furthermore, the magnitude of induction was less than
that observed with BRL49653 (fivefold increase at day 10),
which accords with the lesser potency of this TZD in activating
hPPARYy.

Depot-specific differences in TZD activity. In parallel stud-
ies, we observed marked differences in the ability of TZDs to
promote the differentiation of preadipocytes derived from Om
compared with SC tissue from the same individuals. In these
studies of paired samples from the same individuals, Om
preadipocytes were much less responsive to BRL49653, as-
sessed by observation of lipid accumulation within cells (Fig.
3). G3PDH mRNA levels and enzyme activity were used as a
more quantitative measure of adipocyte differentiation. When
assessed by quantitative RT-PCR, G3PDH mRNA levels were
consistently higher in SC compared with Om cells after TZD
treatment (data not shown). Differential sensitivity to TZDs

Figure 3. TZD treatment promotes lipid
accumulation in SC but not Om preadipo-
cytes. Cells from the stromovascular frac-
tion of adipose tissue biopsies were grown
to confluence in 3-cm plates before differ-
entiation was induced. Phase—contrast pho-
tomicrographs of cells isolated from SC
(upper panels) and Om (lower panels) de-
pots after 17 d of culture in differentiation
medium alone (a and ¢) or plus 10 uM
BRL49653 (b and d).
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Figure 4. TZD treatment promotes G3PDH expression and activity
in SC but not Om preadipocytes. Cells from the stromovascular frac-
tion of SC and Om adipose tissue biopsies from the same individuals
were grown to confluence before differentiation was induced in con-
trol medium (/eft) or in medium supplemented with 10 uM
BRLA49653 (right), and G3PDH activity in cell extracts was measured
5,10, and 17 d later. The results are the mean=SEM of paired Om
(black bars) and SC (white bars) preadipocyte cultures from 18 indi-
viduals. *Significant difference between G3PDH activity in
BRL49653 and control-treated SC cells (P < 0.001, Student’s ¢ test).

was also apparent after measurement of G3PDH enzyme ac-
tivity (Fig. 4). In these studies of paired samples from 18 indi-
viduals, G3PDH activity was not altered in cells from either
depot grown in control differentiation medium, supporting
previous reports of the refractoriness of subcultured human
preadipocytes to differentiate (17). However, after treatment
with BRL49653, G3PDH activity increased significantly in SC
but not Om preadipocytes at days 10 and 17 of treatment (P <
0.001, Student’s ¢ test), indicating a marked difference in TZD
responsiveness between preadipocytes from the two depots.

PPARYy expression in human preadipocytes and adipo-
cytes. The divergent effects of TZDs in inducing the differen-
tiation of human SC but not Om preadipocytes at concentra-
tions that activate hPPARYy led us to investigate hPPARYy
expression in the two depots. Similar receptor levels were de-
tected in immunoblots of freshly isolated preadipocytes and
mature adipocytes in the same individuals using an antibody
that recognizes both PPARy1 and -y2 isoforms (Fig. 5). Fur-
thermore, there were no consistent differences in levels of
PPARYy1 expression between samples from SC and Om adi-
pose tissue from the same individuals. In each case, the most
prominent band comigrated with in vitro—translated hPPARy1,
whereas the band corresponding to the size predicted of
hPPAR<y2 was much less intense and not apparent in all indi-
viduals. In contrast, extracts from differentiated 3T3 L1 cells,
which were used as a positive control, displayed two promi-
nent bands corresponding to PPARyl and -y2 isoforms, re-
spectively. PPAR«yl expression was also apparent in human
skeletal muscle (Fig. 5).

Discussion

In this study, we have demonstrated that the TZDs BRL49653
and troglitazone stimulate the transcriptional activity of
hPPARYy. BRL49653 is a more potent activator of hPPARy
than troglitazone, whereas SB209501, a structurally related
compound, does not stimulate receptor activity. This reflects

3152  Adams et al.

the potency of these agents in promoting the differentiation of
human SC preadipocytes. Furthermore, adipogenesis also oc-
curs after culture with the prostanoid 15dPGJ, at concentra-
tions that activate PPARy-mediated gene transcription selec-
tively. Thus, the rank order of potencies of TZDs in activating
PPARYy and promoting human SC preadipocyte differentia-
tion reflects the potency of these compounds in promoting in-
sulin sensitivity in vivo (5). This supports the suggestion that
the latter two effects of TZDs are mediated via this receptor.
In contrast to preadipocytes from SC adipose tissue, Om
preadipocytes are refractory to the differentiation-promoting
effects of these compounds, indicating an intrinsic difference
in susceptibility to PPARy agonists between SC and Om
preadipocytes from the same individual. This depot-specific
difference cannot be explained on the basis of PPARy expres-
sion, which was equal in both depots, and is somewhat unex-
pected, given that retroviral expression of PPARy in murine
fibroblasts is sufficient to initiate the adipocyte-differentiation
pathway (10). We have shown recently that phosphorylation
within the amino-terminus of PPARy inhibits its ligand-
dependent transcriptional activity (20, 21). However, as the
mobility of PPARYy from either depot, determined by immuno-
blotting, is identical, we consider it unlikely that differences in
the phosphorylation state of the receptor accounts for the di-
vergent depot-responsiveness. It is well-recognized that there
are differences in gene expression between SC and Om adi-
pose depots which lead to differences in the expression of, for
example, glucocorticoid receptors (22) and leptin (19). Simi-
larly, insulin action appears to differ between the two sites
(23). This latter observation might be of particular signifi-
cance, given the synergy observed between PPARy and insulin
in the transactivation of adipocyte-specific gene expression in
3T3 L1 adipocytes (24). Alternatively, as PPARy-dependent
activation of transcription is mediated through PPAR-retinoid
X receptor heterodimers (25, 26), it is possible that differences
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Figure 5. Human adipocytes derived from both SC and Om depots
express PPARY. Protein extracts (40 pg total protein) were fraction-
ated by SDS-PAGE and blotted, and PPAR'y expression was deter-
mined using a specific PPARy antibody that recognizes both
PPAR¢~1 and -y2 isoforms. The relative positions of PPARYy1 and -y2
isoforms, apparent in 3T3 L1 adipocyte extracts and in vitro—trans-
lated (IVT) hPPARY]1, are included as controls. PPAR«y1 is ex-
pressed to similar levels in freshly isolated preadipocytes and adipo-
cytes, with no consistant difference in PPARy1 protein levels
observed between Om and SC depots from the same individual.
PPAR¢~1 expression is also apparent in human skeletal muscle but
not pituitary or cerebral cortex.



in retinoid X receptor expression exist between the two sites.
Finally, following studies of other nuclear hormone receptors,
it is likely that transcriptional activity of PPARy is mediated
by complex interactions with corepressor and coactivator pro-
teins. Site-specific differences in cofactor expression might in-
fluence receptor action.

The in vivo effects of TZDs reported to date indicate po-
tent insulin-sensitizing effects in both rats and humans. Al-
though in humans there appears to be little increase in weight
during treatment, increases in fat mass have been reported in
rodents (27, 28). There are several potential explanations for
this disparity. First, we show that PPARy is also expressed in
human skeletal and cardiac muscle, suggesting that its human
distribution may be less restricted than in murine tissues (10,
29). Thus, in humans, TZDs might exert significant effects on
skeletal muscle (a major insulin-responsive organ) as well as
adipose tissue. Second, as suggested by our data, TZDs may
have a depot-specific adipogenic effect. In humans, insulin re-
sistance is strongly correlated with measures of visceral (in-
cluding Om) adiposity, and considerable published evidence
exists supporting intrinsic differences between SC and Om ad-
ipose cells. Interventions that alter adipose distribution away
from the visceral depot could potentially improve insulin sensi-
tivity. Thus, given the dynamic nature of adipose tissue, if
TZDs were to favor the accumulation of excess energy stores
in the SC rather than Om adipose depot, this alone could con-
tribute to an insulin-sensitizing effect. Future clinical studies of
TZDs that examine effects on fat distribution will be of consid-
erable interest. Finally, it is possible that TZDs have an as yet
uncharacterized effect on appetite or metabolic rate in vivo
that might act to counteract the adipogenic effects of insulin
sensitization and promotion of preadipocyte differentiation
observed in vitro.
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