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OBJECTIVE — Previous studies have reported modest associations between measures of
obesity and the Trp64Arg variant of the b3-adrenergic receptor (ADRb3) and the Pro12Ala
variant of the peroxisome proliferator–activated receptor (PPAR)-g2. We hypothesized that
these single gene variants may mark mutations that act through convergent pathways to produce
synergistic effects on obesity.

RESEARCH DESIGN AND METHODS — The sample included 453 subjects from 10
large Mexican-American families participating in the population-based San Antonio Family
Heart Study. The effects of each gene variant singly and jointly were estimated as fixed effects
using the measured genotype approach framework. Analyses were conditioned on the pedigree
structures to account for the correlations among family members. Statistical significance was
evaluated by the likelihood ratio test with adjustment for age, sex, and diabetes status.

RESULTS — The allele frequencies for the ADRb3 Trp64Arg and PPARg2 Pro12Ala variants
were 18 and 12%, respectively. The ADRb3 variant was not significantly associated with any of
the obesity-related traits, but subjects with the PPARg2 variant (n 5 98) had significantly higher
levels of fasting insulin (P 5 0.03), leptin (P 5 0.009), and waist circumference (P 5 0.03) than
those without. Subjects with both gene variants (n 5 32) had significantly higher BMI, insulin,
and leptin levels than those with only the PPARg2 variant (n 5 66) (P for interaction: 0.04, 0.02,
and 0.01 for BMI, fasting insulin, and leptin, respectively).

CONCLUSIONS — Our results suggest that epistatic models with genes that have modest
individual effects may be useful in understanding the genetic underpinnings of typical obesity in
humans.
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H uman obesity is a multifactorial
syndrome influenced by both ge-
netic and behavioral factors (1). Ef-

forts to identify variants in specific genes
and to understand how they interact with
each other to cause obesity have been ac-

celerated in recent years to incorporate
our growing understanding of the physi-
ological and molecular pathways in-
volved in this disorder. Variation at
multiple genetic loci contribute to the eti-
ology of typical obesity, and it is likely

that allelic effects at some loci may be am-
plified in the presence of variants at other
loci. In fact, it has been demonstrated in
rodents that a combination of genetic de-
fects increases the level of obesity signifi-
cantly compared with that attributed by
the independent gene defects alone (2). In
humans, however, it may be more diffi-
cult to detect such interactions due to un-
derlying genetic heterogeneity and our
current lack of information regarding
which loci to test.

In our previous studies of Mexican-
Americans, we have implicated a role for
variants in two obesity candidate genes,
the b3-adrenergic receptor (ADRb3) and
the peroxisome proliferator–activated
receptor-g2 (PPARg2), in the etiology of
obesity (3–6). Both variants are associat-
ed with amino acid substitutions that may
result in altered function of their respec-
tive gene products (7–9). ADRb3 is ex-
pressed in adipocytes and mediates the
rate of lipolysis in response to catechol-
amines, whereas PPARg2 is a nuclear re-
ceptor that acts as a transcription factor
to regulate adipocyte differentiation and
insulin sensitivity. Among our study par-
ticipants, we observed an association be-
tween the Trp64Arg variant of ADRb3 and
obesity (as have many others [10,11]), al-
though the association in our population
could be detected only by matching sib-
lings for a previously detected obesity
quantitative trait locus on chromosome 2
(4). We have subsequently detected an
association between the Pro12Ala variant
of PPARg2 and obesity (6), which has also
been reported by others (12–14).

The ADRb3 Arg and PPARg2 Ala vari-
ants are reasonably common in diverse
populations, and thus, the frequency of
individuals who harbor both variants is
appreciable. Because both of these gene
products influence fat accumulation, we
evaluated evidence for interaction be-
tween these two variants to determine
whether subjects having variants in both
ADRb3 and PPARg2 are at increased risk
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for obesity beyond the expected risk
based on the additive effects associated
with each individual variant. In addition,
we have estimated the combined contri-
bution of these two variants (both inde-
pendent and interaction effects) to the
total variation of obesity-related traits.

RESEARCH DESIGN AND
METHODS

Subjects and data collection
Subjects for this study were participants
of the San Antonio Family Heart Study, a
population-based family study designed
to identify the genetic factors of athero-
sclerosis and its determinants in Mexican-
Americans (15). The families included the
first-, second-, and third-degree relatives
aged $16 years of participating probands
who were ascertained without regard to
the proband’s medical condition. This re-
port is based on 453 subjects comprising
the initial set of 10 families who were
genotyped for both the ADRb3 Trp64Arg
and the PPARg2 Pro12Ala variants. In-
formed consent was obtained from all
participants, and all protocols were ap-
proved by the institutional review board.

The examination procedure included
measurements of blood pressure, anthro-
pometry, and an oral glucose tolerance
test. Serum glucose concentrations were
measured using an Abbott V/P Analyzer
(Abbott Laboratories, Abbott Park IL),
and serum concentrations of insulin and
leptin were measured using commercial
radioimmunoassay kits (insulin, Diag-
nostic Products, Los Angeles, CA; leptin,
Linco, St. Louis, MO), as previously de-
scribed (15,16). The coefficient of varia-
tion for fasting insulin and leptin were
6.5 and 7.5%, respectively. Diabetes was
diagnosed according to World Health
Organization criteria (17). BMI was cal-
culated as weight (kilograms) divided by
height (meters squared). Related obesity
measures included waist circumference,
measured to the nearest centimeter, and
total body fat (or fat mass, in kilograms),
assessed by bioimpedance. In addition,
we accessed smoking habits, physical ac-
tivity by 7-day recall, and daily dietary
caloric intake by food frequency ques-
tionnaire (15).

Genotyping
DNA was isolated from lymphocytes us-
ing standard methods. The Trp64Arg
variant of the ADRb3 and the Pro12Ala

variant of PPARg2 were inferred from
genotypes generated using polymerase
chain reaction–based assays as previously
described (4,12).

Statistical analysis
Mean levels of obesity traits were esti-
mated according to ADRb3 and PPARg2
genotypes. To account for the relatedness
among family members, we used the mea-
sured genotype approach (18), in which
we estimated the likelihood of specific ge-
netic models given the pedigree structure.
For example, we compared the likelihood
of a full model, which allowed for geno-
typic-specific means, to that of a nested
model in which genotypic means were
restricted to be equal to each other. Pa-
rameter estimates were obtained by maxi-
mum likelihood methods. The significance
of the association was tested by likelihood
ratio tests, which compare the difference
in the likelihoods between the full and the
nested models. Two times the difference
between the logarithm of the likelihoods
of the two models is distributed asymp-
totically as a x2 statistic with degrees of
freedom equal to the difference in the num-
bers of parameters in the models being
compared. Within each model, we simul-
taneously estimated the effects of age, sex,
and diabetes status (yes/no). In addition,
we allowed for a residual heritability of
the trait. Fasting insulin and leptin values
were transformed by their natural loga-
rithms (ln) to reduce skewness. Analyses
of insulin levels were performed using
data from nondiabetic subjects only. All
analyses were conducted using the SO-
LAR program (19).

We tested for interaction between the
ADRb3 Arg and the PPARg2 Ala variants
by comparing the likelihood of a full
model in which we parameterized the ge-
netic effect into three components: an in-

dependent effect of having the ADRb3
variant, an independent effect of having
the PPARg2 variant, and a joint effect of
having both variants (ADRb3 3 PPARg2)
with the likelihood of a nested model in
which we parameterized the genetic effect
into two independent components—an
effect of having the ADRb3 variant and an
effect of having the PPARg2 variant. We
simultaneously estimated the effects of
age, sex, and diabetes status in each mod-
el and allowed for a residual heritable
component of the trait.

We estimated the proportion of the
total trait variance accounted for by these
variants (both their main effects and inter-
action effects) by calculating the reduc-
tion in the total trait variance (after adjust-
ing for age, sex, and diabetes status only)
that occurs after also estimating the effects
of these two variants and their interaction
and then expressing this reduction as a pro-
portion of the total trait variance. In other
words, we estimated (s2

tot – s2
adj)/s

2
tot,

where s2
tot equals the total trait variance

(after adjusting for age, sex, and diabetes
status only) and s2

adj equals the trait vari-
ance after further adjustment for genetic ef-
fects.

RESULTS — Clinical characteristics of
the 453 study subjects are shown in Table
1. Of the study subjects, 55% were
women, and the overall prevalence of di-
abetes was 15%. The frequencies of the
ADRb3 Arg and PPARg2 Ala variants
were 18 and 12%, respectively. The geno-
type frequencies did not deviate from
those expected on the basis of the Hardy-
Weinberg equilibrium. Mean ages of men
and women were 39.3 and 38.3 years, re-
spectively, whereas mean BMI was 28.7
kg/m2 for men and 30.4 kg/m2 for women
(P , 0.05). Women had significantly
higher mean fat mass and leptin levels

Table 1—Clinical characteristics of the study group subjects

Characteristics Men Women Total

n 202 251 453
Age (years) 39.3 6 17.3 38.3 6 16.3 38.7 6 16.7
BMI (kg/m2) 28.7 6 6.0 30.4 6 7.4* 29.6 6 6.9
Waist (cm) 96.3 6 15.6 94.1 6 18.6 95.1 6 17.3
Fat mass (kg) 20.7 6 9.9 27.9 6 12.9† 25.0 6 12.3
ln fasting insulin (mU/l)‡ 2.41 6 0.85 2.42 6 0.74 2.42 6 0.79
ln fasting leptin (ng/ml)‡ 2.03 6 0.76 3.23 6 0.65† 2.70 6 0.91

Data are means 6 SD, unless otherwise indicated. *P , 0.05 or †P , 0.0001 compared with the mean in
men. ‡Values were transformed by their natural logarithm (ln).
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than men. There were no significant sex
differences in waist circumference or in-
sulin levels.

Initial association analyses of ADRb3
revealed that the obesity-related trait
means did not differ significantly between
subjects with and without the Arg variant
(data not shown). In contrast, analysis of
PPARg2 revealed that subjects with the
Ala variant were significantly more obese
(i.e., had larger waist circumference [P 5
0.03] and higher leptin [P 5 0.009] and
insulin levels [P 5 0.03]) than subjects
homozygous for the more common Pro
variant. The association of the PPARg2
Ala variant with obesity has been previ-
ously reported (6).

We next evaluated the effect of both
variants on the variation of obesity-
related traits simultaneously. Table 2
shows the adjusted mean levels of the
obesity-related traits according to sub-
jects’ combined ARDb3 and PPARg2 ge-
notypes. Only eight combinations are
shown because none of the subjects were
homozygous for both variants. There
were 234 subjects who did not have either
gene variant, 121 subjects who had the
ADRb3 Arg variant only, 66 subjects who
had the PPARg2 Ala variant only, and 32
subjects who had both variants. In gen-
eral, mean levels of most traits (especially
BMI, insulin, and leptin) tended to be
higher among those with the PPARg2 Ala
variant than in those without and higher
still in those having both variants.

Because there was no indication that
the allelic effects at either gene were addi-
tive, we collapsed the eight genotype
combinations into four, depending on
whether the subjects had a variant in nei-
ther of the two genes, in ADRb3 only, in
PPARg2 only, or in both genes. Figure 1
shows the effect of each variant combina-

tion compared with the baseline group in
which subjects did not have a variant in
either gene. Mean BMI and mean concen-
trations of insulin and leptin were all
higher in subjects with variants in both
genes than in subjects having variants in

only one of the two genes. The formal test
for interaction revealed that the model
in which we allowed for an interaction
effect between these two variants (i.e., the
model with three genetic effect parame-
ters: ADRb3 Arg variant 1 PPARg2 Ala

Figure 1—Clinical characteristics of the study group subjects with and without the ADRb3 and
PPARg2 variants. M, Variant in ADRb3 only; , variant in PPARg2 only; f, variant in both
genes. aP value for the significance of the interaction effect.

Table 2—Adjusted means for obesity-related traits according to the ADRb3 and PPARg2 genotype*

Variant in
neither gene

ADRb3
variant only

PPARg2
variant only Variant in both genes

ADRB3 genotype Trp/Trp Trp/Arg Arg/Arg Trp/Trp Trp/Trp Trp/Arg Arg/Arg Trp/Arg
PPARg2 genotype Pro/Pro Pro/Pro Pro/Pro Pro/Ala Ala/Ala Pro/Ala Pro/Ala Ala/Ala

Sample size (n) 234 115 6 61 5 23 5 4
BMI (kg/m2) 29.55 28.81 28.84 30.01 30.60 32.73 30.58 32.70
Waist (cm) 98.00 95.51 94.14 94.81 101.19 104.36 94.02 103.21
Fat mass (kg) 23.74 25.20 18.98 24.47 25.14 26.19 24.00 26.86
Fasting insulin (mU/l)† 2.44 2.27 1.92 2.50 2.60 2.90 2.63 2.48
Leptin (ng/ml)† 2.68 2.59 2.11 2.78 2.82 3.14 2.84 3.13

*Means were adjusted for age, sex, and diabetes status (diabetic subjects excluded for insulin levels). †Values were transformed by their natural logarithm.
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variant 1 ADRb3 Arg variant 3 PPARg2
Ala variant) provided a significantly better
fit to the data (i.e., higher likelihood) than
the model in which we did not allow for
an interaction (i.e., the model with only
two independent genetic effect parame-
ters: ADRb3 Arg variant 1 PPARg2 Ala
variant). The age-, sex-, and diabetes-
adjusted significance levels for the inter-
action effects were 0.04 for BMI, 0.02 for
insulin, 0.01 for leptin, 0.26 for waist cir-
cumference, and .0.90 for fat mass. Fur-
ther adjustment for the effects of smok-
ing, level of physical activity, and total
daily caloric intake altered these results
very little (P 5 0.08 for BMI, P 5 0.007
for insulin, and P 5 0.02 for leptin), and
the results were not altered significantly
when the 69 subjects with diabetes were
removed from the analysis.

The effect of these two variants (both
their independent and interaction effects)
accounted for 2.6, 2.9, and 2.4% of the
total phenotypic variation in BMI, insulin,
and leptin concentrations, respectively,
with the interaction accounting for about
half of their total effects.

CONCLUSIONS — The present study
builds on our previous observations by
suggesting that the increased risk of obe-
sity associated with the Ala variant at
PPARg2 may not be uniform for all carri-
ers of the Ala allele but may be restricted
primarily to the group of subjects who
also carry the Arg variant of ADRb3. In
fact, when we eliminated the 32 subjects
carrying variants in both genes from the
analysis, the association between the Ala
variant and obesity was no longer statisti-
cally significant (adjusted P values: 0.28
for BMI, 0.22 for insulin, and 0.13 for
leptin; data not shown). These results
raise the intriguing speculation that the
effect of the PPARg2 Ala variant on obe-
sity might be expressed only in the pres-
ence of some other factors (such as the
ADRb3 variant). Conversely, this specu-
lation also suggests a possible explanation
for the failure of many association studies
to detect an effect of the ADRb3 Trp64Arg
variant on obesity—namely that these
studies may have contained an insuffi-
cient number of subjects with both factors
(i.e., variants in both genes).

Emerging data suggest that PPARg2 is
regulated by a complex set of factors, and
possibly, the obese state itself may modify
the expression of this gene (20). Expres-
sion of PPARg2 mRNA in adipose tissue is

increased in obese humans but is down-
regulated while following a low-calorie
diet (21). A potential role for the Ala va-
riant in PPARg2 expression has been pos-
tulated (20), and epidemiological data
provide some support. For example, Ek et
al. (13) observed that in obese subjects,
individuals homozygous for the Ala vari-
ant had significantly higher BMIs than
other subjects, whereas in lean subjects,
those homozygous for the Ala variant had
significantly lower mean BMI. Several
additional studies have also reported an
association between the Ala variant and
higher BMI in obese individuals (12,14),
and an association is also observed in our
study of a relatively obese population (6).
On the other hand, Deeb et al. (7) studied
a relatively leaner Finnish population and
found that subjects with the PPARg2 Ala
variant were less obese and had greater
insulin sensitivity than subjects lacking
the variant.

We did not observe an association be-
tween type 2 diabetes and the PPARg2 Ala
variant in this Mexican-American popula-
tion (6), although the power to detect a
small variant effect in our sample may be
limited. Somewhat paradoxically, how-
ever, several studies (7,22,23), including
a recent meta-analysis (23), have reported
the PPARg2 Ala variant to be associated
with a decreased risk of type 2 diabetes. It
is intriguing to speculate how the same
mutation could be associated with both
obesity and reduced risk of diabetes. Al-
though epidemiological studies show a
strong association between obesity and
type 2 diabetes, it is important to realize
that only 30% of obese subjects are dia-
betic, suggesting that obesity is not suf-
ficient to cause diabetes. Indeed, some
investigators (24) have even argued that
not all types of obesity increase the risk of
type 2 diabetes. Consistent with this view
is the observation that enhanced insulin
sensitivity, which is associated with a de-
creased risk of diabetes, is a predictor of
weight gain (25). An increased number of
adipocytes may not lead to increased risk
of diabetes, and in fact, in mice with li-
poatrophic diabetes, hyperglycemia was
reversed after a surgical transplantation of
adipose tissue (26). Adipocyte volume,
on the other hand, is a predictor of type 2
diabetes, independent of body fat and
body fat distribution, as shown in Pima
Indians (27). These observations suggest
that adipocyte tissue may promote anti-
diabetic effects via metabolic or endocrine

mechanisms, such as increasing uptake of
glucose, free fatty acid (FFA), or hor-
monal secretion to increase insulin sensi-
tivity. However, if the adipocyte’s ability
to differentiate is compromised, its anti-
diabetic effect may be lost once it has
reached its maximum capacity to store
energy (e.g., glucose and FFA).

The mechanism(s) by which muta-
tions in both PPARg2 and ADRb3 might
interact to enhance obesity and insulin
resistance is not yet proven. However, be-
cause both genes play important regula-
tory roles in adipocytes, there are several
plausible mechanisms. PPARg is a nuclear
hormone receptor that stimulates tran-
scription of multiple genes necessary for
adipogenesis and insulin signaling,
whereas the ADRb3 is a membrane recep-
tor that increases intracellular cAMP con-
centrations and stimulates lipolysis.
Singly, functional studies indicate that the
Trp64Arg substitution in ADRb3 and the
Pro12Ala substitution in PPARg2 result in
decreased activity of their respective pro-
teins (7–9,28,29). The most direct piece
of evidence supporting a direct interac-
tion between ADRb3 and PPARg2 expres-
sion comes from the recent work of
Bakopanos and Silva (30), who observed
that thiazolidinediones (TZDs), insulin
sensitizers that exert their effects through
the specific binding and activation of
PPARgs (31), reduce ADRb3 expression
at the transcriptional level. Furthermore,
this effect was evident only on adipose cell
lines containing PPARg2. In a second ex-
periment, the inhibition effect by TZDs
was also observed in a cell line that lacked
PPARg but which was transfected by
PPARg2, and the inhibition increased in a
dose-dependent manner with the amount
of PPARg2 cDNA introduced in these
cells.

Another study has indicated that ad-
renergic stimulation of rat brown adipose
tissue (BAT) through cold exposure re-
sults in a marked increase in the expres-
sion of PPARg (32). Because ADRb3 is the
major adrenergic receptor subtype in rat
BAT, these findings suggest a direct inter-
action between ADRb3 activation and
PPARg expression. Because the Trp64Arg
substitution in ADRb3 leads to a decrease
in intracellular signal transduction (28), it
is possible that subjects with the
Trp64Arg variant may have lower levels
of expression of PPARg, which may com-
pound defects in PPARg action caused by
the Pro12Ala PPARg2 substitution. In-
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deed, Gros et al. (33) demonstrated that
forced expression of human ADRb3 in
CHO/K1 fibroblasts resulted in a marked
increase in PPARg expression. The wild-
type form (Trp64 ADRb3) increased
PPARg expression, whereas the mutant
form (Arg64 ADRb3) did not. Together,
these findings strongly suggest that the
presence of both variants could result in
significantly lesser PPARg activity. The
simplest model of PPARg action (consis-
tent with in vitro studies using PPARg
agonists) would suggest that lower PPARg
activity in vivo should associate with
lesser obesity and lesser insulin sensitiv-
ity. However, it was shown recently that
mice heterozygous for a knockout of
PPARg have surprisingly greater insulin
sensitivity than the wild-type mice (34).
This paradox makes it clear that the
mechanisms whereby PPARg influences
obesity and insulin sensitivity in vivo are
poorly understood and likely to be com-
plex. Additional studies in humans will be
required to clarify these and perhaps
other mechanisms whereby these two
genes may interact.

In summary, we observed that the
PPARg2 Ala variant, but not the ADRb3
Arg variant, was significantly associated
with obesity. However, subjects with vari-
ants in both genes were more obese than
subjects with the PPARg2 Ala variant
only, and, in fact, it appears that only
those subjects carrying both the PPARg2
Ala and ADRb3 Arg variants have in-
creased obesity. In terms of population
significance, the effects of these two vari-
ants on obesity in this population are
small. Together, they accounted for 2–3%
of the total variation in BMI, insulin, and
leptin, with the interaction accounting for
about half of their total effects. Of course,
we evaluated the effects of only two spe-
cific gene variants in this study. If there
are other functional variants in these
genes or in their regulatory regions, then
the effects of these genes on obesity will
be larger. More importantly, as there is an
interaction between these two gene vari-
ants, it is likely that there are interactions
among variants of other genes. Although
these analyses are to some extent explor-
atory, they support the importance of
these variants in obesity and reinforce the
idea that gene effects will be underesti-
mated if only their individual effects are
considered. Incorporating interactions,
whether gene by gene or gene by environ-
ment, may enhance our ability to detect

genetic effects and may contribute to our
understanding of the etiology of obesity.
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Liñan M, Werman A, Pories WJ, Caro JF,
Flier JS: Peroxisome proliferator-activated
receptor gene expression in human tis-
sues: effects of obesity, weight loss, and
regulation by insulin and glucocorticoids.
J Clin Invest 99:2416–2422, 1997

22. Hara K, Okada T, Tobe K, Yasuda K, Mori
Y, Kadowaki H, Hagura R, Akanuma Y,
Kimura S, Ito C, Kadowaki T: The Pro12Ala
polymorphism in PPAR gamma2 may
confer resistance to type 2 diabetes. Bio-
chem Biophys Res Commun 271:212–216,
2000

23. Altshuler D, Hirschhorn JE, Klannemark
M, Lindgren CM, Vohl M-C, Nemesh J,
Lane CR, Schaffner SF, Bolk S, Brewer C,
Tuomi T, Gaudet D, Hudson TJ, Daly
M, Groop L, Lander ES: The common
PPARgamma Pro12Ala polymorphism is
associated with decreased risk of type 2
diabetes. Nat Genet 26:76–80, 2000

24. Danforth E Jr: Failure of adipocyte differ-
entiation causes type II diabetes mellitus?

Nat Genet 26:13, 2000
25. Swinburn BA, Nyomba BL, Saad MF,

Zurlo F, Raz I, Knowler WC, Lillioja
S, Bogardus C, Ravussin E: Insulin resis-
tance associated with lower rates of weight
gain in Pima Indians. J Clin Invest 88:168–
173, 1991

26. Gavrilova O, Marcus-Samuels B, Graham
D, Kim JK, Shulman GI, Castle AL, Vin-
son C, Eckhaus M, Reitman ML: Surgical
implantation of adipose tissue reverses di-
abetes in lipoatrophic mice. J Clin Invest
105:271–278, 2000

27. Paolisso G, Tataranni PA, Foley JE, Bogar-
dus C, Howard BV, Ravussin E: A high
concentration of fasting plasma non-es-
terified fatty acids is a risk factor for the
development of NIDDM. Diabetologia 38:
1213–1217, 1995

28. Pietri-Rouxel F, St John Manning B, Gros
J, Strosberg AD: The biochemical effect of
the naturally occurring Trp64 224 Arg mu-
tation on human b3-adrenoceptor activ-
ity. Eur J Biochem 247:1174–1179, 1997

29. Masugi J, Gamori Y, Mori H, Koike T,
Kasuga M: Inhibitory effect of a poline-
to-alanine substitution at codon 12 of
peroxisome proliferator-activated recep-
tor-g2 on thiazolidinedione-induced adi-

pogenesis. Biochem Biophys Res Commun
268:178–182, 2000

30. Bakopanos E, Silva JE: Thiazolidinediones
inhibit the expression of beta3-adrenergic
receptors at a transcriptional level. Diabetes
49:2108–2115, 2000

31. Lehmann JM, Moore LB, Smith-Oliver
TA, Wilkison WO, Willson TM, Kliewer
SA: An antidiabetic thiazolidinedione is a
high affinity ligand for peroxisome prolif-
erator-activated receptor gamma (PPAR
gamma). J Biol Chem 270:12953–12956,
1995

32. Guardiola-Diaz HM, Rehnmark S, Usuda
N, Albrektsen T, Feltkamp D, Gustafsson
JA, Alexson SE: Rat peroxisome prolifera-
tor-activated receptors and brown adipose
tissue function during cold acclimatiza-
tion. J Biol Chem 274:23368–23377, 1999

33. Gros J, Gerhardt CC, Strosberg AD: Ex-
pression of human b3-adrenergic receptor
induces adipocyte-like features in CHO/
K1 fibroblasts. J Cell Sci 112:3791–3797,
1999

34. Miles PD, Barak Y, He W, Evans RM, Olef-
sky JM: Improved insulin-sensitivity in
mice heterozygous for PPAR-g deficiency.
J Clin Invest 105:287–292, 2000

Hsueh and Associates

DIABETES CARE, VOLUME 24, NUMBER 4, APRIL 2001 677


