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The nuclear receptor family of PPARs was named for the ability of the original member to induce hepatic peroxi-
some proliferation in mice in response to xenobiotic stimuli. However, studies on the action and structure of the 3
human PPAR isotypes (PPARc, PPARS, and PPARY) suggest that these moieties are intimately involved in nutrient
sensing and the regulation of carbohydrate and lipid metabolism. PPARo and PPARS appear primarily to stimulate
oxidative lipid metabolism, while PPARYy is principally involved in the cellular assimilation of lipids via anabolic
pathways. Our understanding of the functions of PPARY in humans has been increased by the clinical use of potent
agonists and by the discovery of both rare and severely deleterious dominant-negative mutations leading to a stereo-
typed syndrome of partial lipodystrophy and severe insulin resistance, as well as more common sequence variants
with a much smaller impact on receptor function. These may nevertheless have much greater significance for the
public health burden of metabolic disease. This Review will focus on the role of PPARY in human physiology, with
specific reference to clinical pharmacological studies, and analysis of PPARG gene variants in the abnormal lipid
and carbohydrate metabolism of the metabolic syndrome.

Introduction

PPARa. is the prototypic PPAR, mediating both peroxisome pro-
liferation and tumorigenesis in the livers of mice exposed to xeno-
biotic substances (1). However, neither PPARa nor its 2 closely
related homologues PPARy and PPARS are capable of support-
ing significant peroxisome proliferation in human liver, even in
response to potent agonists. Instead, extensive experimental evi-
dence now implicates these 3 nuclear hormone receptors in the
regulation and coordination of lipid and carbohydrate metabo-
lism (Table 1). Current models of PPARa and PPARS function (and
hence their potential relevance to human disease) rely heavily on
data from cell culture and mouse studies. This Review summarizes
the key roles of PPARY in the entraining of human intermediary
metabolism to nutritional and other environmental cues.

PPARY molecular structure and function. PPARs are members of
the nuclear hormone receptor superfamily that bind to specific
DNA response elements as heterodimers with the retinoid X recep-
tor. Ligand binding leads to preferential recruitment of chroma-
tin-decondensing coactivator complexes and favors dismissal of
the corepressor complex. In addition, PPARs may influence gene
expression indirectly, and usually negatively, through competition
with other transcription factors. This appears to be particularly
true for genes implicated in immunomodulatory effects of PPARs,
including IFN-y, repressed by PPARy in T cells (2), and fibrinogen,
repressed in hepatocytes by PPARa via titration of the accessory
molecule glucocorticoid receptor-interacting protein 1/transcrip-
tional intermediary factor 2 (GRIP1/TIF2) (3).

Insights from ligand studies. Growing evidence suggests that the
identity of the bound ligand defines the repertoire of accessory
molecules recruited by PPARy and hence determines the tran-
scriptional response. However, whether a physiologically relevant,
high-affinity endogenous ligand for PPARY exists is not clear. The
most widely implicated candidate ligand is 15-deoxy-A!214-pros-
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taglandin J2. However, doubt about this ligand’s role as the true
endogenous ligand was raised when it was recently shown to be
produced at extremely low levels during adipogenesis in vitro and
when PPARY activity is high in humans (4). Conversely, use of a
PPARY activity-sensing construct in 3T3-L1 preadipocytes has
demonstrated the generation of an as-yet unidentified, highly
active endogenous ligand during the early stages of adipogenesis
(5). The ligand-binding pocket of PPARy has a markedly open
conformation, and various unsaturated fatty acids (FAs), oxidized
lipid species, eicosanoids, and prostaglandins have been shown
to activate the receptor with binding affinities in the micromolar
range in vitro. This has led to the suggestion that PPARy does not
have a physiologically relevant specific ligand but rather acts as a
generic “sensor” of the flux of FAs and related molecules, a prop-
erty that would be in tune with a role for PPARy in transducing
nutritional signals into metabolic responses.

PPARYy tissue distribution and cellular role. The PPARY gene produc-
es 2 proteins, PPARY1 and the nearly adipose-specific PPARY2.
PPARY2 has 28 additional N-terminal amino acids that confer a
5- to 6-fold increase in transcription-stimulating activity of the
ligand-independent activation function-1 domain (6-8). Expres-
sion of PPARY is highest in adipose tissue, where it is the key
orchestrator of the transcriptional cascade underlying adipocyte
differentiation, as established in vitro by gain-of-function (9-11)
and loss-of-function experiments (12, 13), and by in vivo genetic
manipulation (14, 15). PPARy also plays a key role in the entrain-
ing of adipose tissue lipid metabolism to nutritional state. Its
expression is highest postprandially (16), and its activation leads
to upregulation of genes that mediate FA uptake and trapping
(17-22) (Figure 1). PPARy may also promote futile cycling in adi-
pocytes between triglyceride (TG) esterification and de-esterifica-
tion (23). However, the original observation of PPARy-mediated
upregulation of glycerol kinase in human adipocytes was not
replicated by a second study, which moreover failed to find any
physiological evidence of such glycerol cycling in human adipose
tissue in vivo (24).

Although the role of PPARy in adipose tissue development and
function is established, its low levels in tissues central to glucose
homeostasis, including skeletal muscle, liver, and pancreatic §
cells, raise the question of its possible physiological and pharma-
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Table 1

Simplified overview of current understanding of the metabolic roles of the 3 PPAR isoforms

PPARa

Sites of highest expression Liver, kidney, heart

Cellular processes activated  Fatty acid p-oxidation, lipoprotein
synthesis, amino acid catabolism
Coordination of metabolic

response to fasting

Carnitine palmitoyl transferase |,
HMG CoA synthase 2, apoA-1

Fasting hypoglycemia, hypothermia,
hypoketonemia, and hepatic steatosis

Physiological function
Examples of target genes

Metabolic phenotype
of knockout mice

cological importance at those sites (7, 25, 26). Furthermore, its
high expression in macrophages, which are now known to infil-
trate the dysfunctional adipose tissue of obese subjects (27, 28),
may be pathologically important. However, the pathophysiologi-
cal importance of PPARY in these extra-adipose cells and tissues
is not yet clear.

The determinants of the specific responses to PPARy activa-
tion are also incompletely understood and cannot be completely
accounted for by PPAR tissue distribution, intrinsic sequence
specificity of PPAR response element-containing promoters, or
expression of endogenous ligands. Tissue-specific or temporally
regulated repertoires of accessory cofactor proteins may account
for some variation in receptor activity, acting in combinatorial
fashion to “soft-wire” different responses of nuclear receptors
to the same ligand (29). Nevertheless, despite uncertainty about
these basic aspects of PPARy function, analysis of pharmacological
and genetic gain and loss of function in human subjects provides
insights into PPARY roles in physiology.

Clinical insights into PPARy function:

thiazolidinedione therapy

A crucial early indication of the importance of PPARy in human
metabolism came in 1995, when it was identified as the cognate
receptor for the thiazolidinedione (TZD) class of insulin-sensi-
tizing drugs (30). TZDs subsequently proved beneficial as the
first new class of insulin-sensitizing agents. Three potent and
highly PPARy-selective TZDs have been used in large-scale clini-
cal practice to date, although the prototype, troglitazone, was
withdrawn due to idiosyncratic hepatotoxicity. Extensive clinical
trial data have consistently shown that TZDs produce signifi-
cant improvement in glycemic control. Hyperinsulinemic clamp
studies confirm improved whole-body insulin sensitivity with
all 3 agents (31-36), accounted for mostly by increased glucose
disposal rates, although a minor suppression of hepatic glucose
output has been reported (37, 38). However, clinical use of TZDs
is significantly limited by the occurrence of fluid retention,
hemodilution, and heart failure in up to 15% of patients (39).
An interesting insight into the potential mechanisms of TZD-
induced heart failure is provided by studies of genetically modi-
fied mice in which PPARy was deleted specifically in the renal
tubule. These mice do not show the sodium retention seen in
wild-type mice given TZDs, which implies that renal PPARy has
a direct role in renal tubular sodium handling (40, 41).
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PPARy PPARS
Adipose tissue, macrophages Adipose tissue, skin, brain,
but widespread

Adipocyte differentiation,
triglyceride synthesis
Differentiation of adipocytes,
FA trapping

Fatty acid-binding protein 4,
lipoprotein lipase, adiponectin
—/— Lethal, —/+ more insulin
sensitive at baseline

Fatty acid p-oxidation
Muscle fiber type determination?

Acyl-CoA oxidase, carnitine palmitoy!
transferase |

Reduced base-line adiposity; increased
obesity on high-fat feeding

Sites of action of TZDs in humans
TZD action and PPARY in adipose tissue. In view of its well established
role in adipogenesis, insulin sensitization by PPARY activation
could be interpreted as a direct result of the ability of PPARY to
expand adipose tissue. However, counterintuitively, TZDs are pre-
dominantly prescribed to enhance insulin sensitivity in patients
with type 2 diabetes mellitus, which is often precipitated by the
development of excess adipose tissue. This paradox may be partly
explained by the depot-selective responses of adipose tissue to
PPARYy activation. Indeed, in humans, treatment with TZDs leads
to selective accumulation of subcutaneous adipose tissue (reviewed
in ref. 42), with concomitant lack of change or reduction in the
adiposity of visceral depots. Furthermore, some but not all ex vivo
studies of preadipocyte differentiation have shown that abdomi-
nal subcutaneous preadipocytes differentiate in response to TZDs
more readily than cells from visceral depots of the same subjects
(43-45). Itis not yet known whether TZD treatment increases sub-
cutaneous fat mass in all body regions equally, a question that is
of interest in light of the burgeoning evidence of important func-
tional metabolic differences between upper-body (abdominal) and
lower-body (including femoro-gluteal) subcutaneous fat (46, 47).
One hypothesis to explain the insulin-sensitizing effects of TZDs
holds that this adipose remodeling enhances insulin sensitivity by
favoring lipid accretion in depots that are less hormonally sensitive
and are without direct access to the portal circulation and hence
the liver. However, in addition to changing the gross topography
of adipose tissue, PPARY activation also alters adipocyte function
in murine and cellular studies (Figure 1). If the effects of TZDs on
genes related to FA trapping are also seen in humans, then TZDs
are likely to act on adipose tissue to enhance its capacity to act as
a sump for dietary FAs, safely sequestering them in adipocytes and
partitioning them away from other insulin-sensitive tissues such
as skeletal muscle. This has become known as the “lipid steal”
hypothesis and has recently been supported by direct observation
in rodents (48). Consistent with this model, TZDs have almost uni-
versally lowered fasting FFA levels in clinical trials (32, 34, 35, 49).
Another mechanism whereby TZD action on adipose tissue may
influence insulin sensitivity in distant insulin-sensitive organs is
by modifying the profile of hormones secreted from adipose tis-
sue. Only recently has the capacity of adipose tissue to produce
a variety of small molecules with autocrine, paracrine, or endo-
crine activity been appreciated. Of these human “adipocytokines”
described to date, adiponectin appears to be the best-characterized
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Actions of PPARYy in adipocyte FA trapping. PPARYy upregulates the transcription of genes involved in most stages of FA trapping, some of which
are shown here in red. PPARy enhances lipoprotein triglyceride hydrolysis by endothelial lipoprotein lipase (LPL) and uptake of free fatty acids
(FFA) into adipocytes through fatty acid transport protein (FATP) and CD36. PPARYy also modifies triglyceride synthesis, starting with FFA esteri-
fication by Acyl CoA synthase. The futile glycerol cycle, recently proposed to be stimulated by PPARYy, is illustrated by the yellow circular arrows,
and depends upon glycerol kinase (GK), with aquaporin 7 (AQP7) as the adipocyte glycerol channel. The collective PPARy actions reduce FFA
levels in the venous effluent from adipose tissue, thereby limiting the lipotoxicity of other insulin-sensitive tissues that could result from FFA
exposure. PEPCK, phosphoenolpyruvate carboxykinase; HSL, hormone-sensitive lipase; DHAP, dihydroxyacetone phosphate.

candidate to mediate the insulin-sensitizing effects of TZDs. Adi-
ponectin is a multimeric complement-like protein that is among
the most abundant plasma proteins (reviewed in ref. 50). In fact,
adiponectin plasma levels correlate directly with insulin sensitivity
(51-53) and inversely with adipose tissue mass (54, 55). Further-
more, TZDs increase adiponectin gene expression and plasma pro-
tein levels (56, 57), and expression of a hyperactive mutant adipo-
nectin in mice results in adipose tissue redistribution and insulin
sensitization that are akin to those seen with TZD treatment (58).
However, despite this correlation between TZD-mediated insulin
sensitization and the elevation of plasma adiponectin, direct evi-
dence for insulin sensitization by adiponectin itself is lacking to
date in humans. A further adipocytokine recently studied as a pos-
sible mediator of TZD action is retinol-binding protein 4 (RBP4)
(59). In rodents, this inducer of insulin resistance is downregulated
in adipose tissue on treatment with TZDs (59), but formal study of
the effect of TZDs on RBP4 in humans is awaited.

TZD action and PPARY in skeletal muscle. Although the level of
PPARYy protein is relatively low in skeletal muscle (25), the total
mass of muscle and its function as the site of 70% of insulin-medi-

The Journal of Clinical Investigation

http://www.jci.org

ated glucose disposal in humans suggest that physiologically
important effects of PPARy are plausible. However, although TZD
treatment has consistently been found to enhance insulin-stimu-
lated glucose uptake, muscle-autonomous roles of PPARy are dif-
ficult to dissect out in vivo because of the complex and continuous
metabolic cross-talk between different insulin-sensitive organs. In
vitro, TZDs have been reported to enhance insulin-stimulated glu-
cose uptake into cultured human skeletal muscle cells, mediated by
enhancement of insulin-stimulated PI3K activity and translocation
of GLUT4 (60-64), but the physiological importance of PPARy in
muscle remains unclear. Two independent reports of mice with
muscle-specific PPARy deletion produced discordant results. The
first study reported modest whole-body insulin resistance and
normal glucose disposal into muscle (65), while the second study
reported progressive and severe insulin resistance due to markedly
impaired muscle glucose uptake in response to insulin (66). These
inconsistencies, while most likely attributable to methodological
differences, cannot be accounted for at present.

TZD action and PPARY in the liver. TZD administration has been
found to reduce hepatic glucose output in some (37, 38), but not
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all (31), clinical studies to date, and only low levels (10-30% of
adipose tissue) of PPARy mRNA expression in human liver have
been reported (7, 26). However, in many rodent models of diabetes
and insulin resistance with hepatic steatosis, encompassing both
lipoatrophy and hyperphagic obesity, hepatic expression of PPARy
is markedly elevated (16, 67-71). Moreover, adenovirally mediat-
ed hepatic overexpression of PPARy in mice (72) leads to hepatic
steatosis with upregulation of a wide range of PPARy-responsive
genes generally considered to be adipocyte specific, such as adip-
sin, adiponectin, and fatty acid-binding protein 4. Nonetheless,
there are no data demonstrating increased PPARY expression in
human hepatic steatosis. Indeed, accumulating evidence suggests
that TZD treatment reduces nonalcoholic hepatic steatosis in
humans (73-75), suggesting that, even if PPARY is a primary medi-
ator of hepatic lipid accumulation, this propensity to assimilate
lipid is quantitatively less important than the beneficial effects of
TZDs on FA trapping in adipose tissue.

PPARy ligand resistance syndrome

In the absence of potent pharmacological antagonists of PPARy
for use in humans, study of the effect of PPARY loss of function
relies instead on the natural occurrence of mutant PPARy alleles
that impair native PPARy function. To date, 3 groups have inde-
pendently reported loss-of-function mutations in the ligand-
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Figure 2

PPARYy ligand resistance syndrome (PLRS).
(A) Central clinical features. A 41-year-old
woman with a heterozygous dominant-nega-
tive C131Y PPARy mutation is pictured. Pre-
sentation was with severe hypertension and
recurrent hypoglycemia at 20 years old. Rep-
resentative MRI sections are shown illustrating
femoro-gluteal lipodystrophy. (B) Overview of
phenotypic characteristics of PLRS subjects.
The denominator of n refers to the number of
subjects for whom information is available.

binding domain of human PPARY (76-78). Some of these mutant
receptors exert a dominant-negative effect, due to aberrantly high
affinity for corepressor molecules and attenuated recruitment of
coactivators (76-79). Together these reports describe 8 adult sub-
jects from 4 pedigrees, and through continued screening of the
PPARG gene in subjects with severe insulin resistance, we have
identified a further 15 subjects from 8 kindreds who harbor dom-
inant-negative mutant PPARYy alleles that impair PPARy function
by greater than 50% in vitro and ex vivo (V.K.K. Chatterjee and S.
O’Rahilly, unpublished observations).

An overview of the phenotype of these subjects is presented in
Figure 2A. A stereotyped form of partial lipodystrophy is seen in
a majority of subjects (Figure 2B), with loss of subcutaneous fat
from the limbs and gluteal region, and relative preservation of both
subcutaneous and visceral abdominal depots (Figure 2A). This con-
trasts with the pattern of adipose tissue loss seen in the most com-
mon inherited partial lipodystrophy, due to mutations in the gene
encoding lamin A/C, which includes abdominal subcutaneous and
mammary depots, with compensatory adiposity in the supracla-
vicular and neck region. The PPARy ligand resistance syndrome
(PLRS) subjects without apparent lipodystrophy are either prepu-
bertal or physically fit with low total-body adiposity, both situa-
tions in which relative diminution of different depots may be dif-
ficult to discern. Furthermore, the lipodystrophy is subtle in other
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subjects, and total-body adiposity may be substantial. The depot-
selective loss of adipose tissue is concordant with studies of TZD
action (35, 80, 81) and is broadly in keeping with the role of PPARy
as the prime regulator of adipogenesis. However, it also speaks to
substantial heterogeneity even among subcutaneous preadipo-
cytes from different parts of the body. There is insufficient infor-
mation available about differences in subcutaneous adipose tissue
from different anatomical regions (for example, abdominal versus
femoro-gluteal) to explain the selective loss of femoro-gluteal fat
in terms of differences of gene expression or functional adipocyte
biology at present. Nevertheless, the importance of femoro-gluteal
adipose depots in normal metabolism is further supported by the
severe insulin resistance seen in other genetic and acquired forms
of lipodystrophy that affect these depots, as opposed to the fairly
mild metabolic derangement seen in acquired partial lipodystro-
phy, which generally spares regions below the umbilicus (82).

Like those with other types of total or caudal lipodystrophy,
the majority of the PLRS subjects also have profound metabolic
derangements in the form of severe insulin resistance and early-
onset diabetes mellitus (mean age of diagnosis 31 years, range 8-53
years), with polycystic ovary syndrome seen in female subjects as a
direct consequence of insulin resistance (Figure 2B). Most subjects
have marked, sometimes extreme, dyslipidemia characterized by
high TG and low HDL cholesterol levels (V.K.K. Chatterjee and S.
O’Rahilly, unpublished observations; and refs. 77, 78, 83) (Figure
2B). The prevailing model to explain insulin resistance in human
syndromes of lipodystrophy invokes an insufficient adipose
capacity to buffer dietary FAs, with consequent lipotoxicity due
to deposition of TG and acyl-CoA in insulin-sensitive tissues. This
lipotoxicity is exacerbated in those with total, and in a proportion
of those with partial, lipodystrophy by leptin deficiency that leads
to hyperphagia and increased caloric intake, and possibly loss of
direct peripheral actions of leptin.

Given the fairly modest degree of lipodystrophy exhibited by some
PLRS subjects, the question of whether there is also dysfunction
of the residual adipose tissue arises. Several lines of evidence sug-
gest that this is indeed the case. First, PLRS subjects often exhibit
extreme hypertriglyceridemia that is out of keeping with only mild,
if any, diminution of adipose tissue, as evidenced by direct deter-
mination or the surrogate marker of plasma leptin level. For exam-
ple, in one subject a single high-fat meal was sufficient to result
in severe fasting hypertriglyceridemia and acute diabetes despite
a total body fat content of 23%, within the normal adult female
range (84). Second, direct measurement of adipose tissue TG trap-
ping in a single subject with the PPARy P467L mutation revealed it
to be grossly reduced (83). This early evidence suggests that PLRS
includes adipose tissue dysfunction, which may be pathogenically
more significant than the overall degree of lipodystrophy observed.
Further evidence of this may come from comparison of TG clear-
ance per unit mass of adipose tissue in healthy subjects, in those
with PLRS, and in those with lamin A/C mutations, in whom lipo-
dystrophy is believed to have a primarily structural basis, with no
reason to suppose a functional deficit in the residual adipocytes.

Some limited conclusions about the role of PPARY in other
insulin-sensitive tissues can also be drawn on the basis of these
subjects. First, the common and significant hepatic steatosis (pro-
gressing to cirrhosis in 1 subject) suggests that, even if hepatic
PPARY expression is upregulated in the context of steatosis, wild-
type receptor activity is not required for TG accumulation. Thus
any loss of PPARy function in the liver is offset by the greater func-
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tional receptor deficit in white adipose tissue, in line with the ben-
eficial effects of TZDs on nonalcoholic steatohepatitis (73-75).

Inferences about the importance of PPARY in muscle are more
difficult to make based on the available data. However, intramyo-
cellular TG levels in 2 severely insulin-resistant subjects with domi-
nant-negative loss-of-function mutations surprisingly showed no
elevation compared with those in healthy controls, despite signifi-
cant muscle insulin resistance as established by hyperinsulinemic
euglycemic clamp studies (83). This observation, if it holds true on
further study, implies that simple accumulation of intramyocellular
lipid due to impaired adipose tissue FA trapping cannot explain the
severe muscle insulin resistance, and it suggests that a direct effect of
PPARy on muscle insulin sensitivity, or an effect mediated by altered
levels of circulating adipocytokines, may need to be invoked.

Early-onset hypertension has also persisted as a cardinal feature
of PLRS with the definition of more cases (V.K.K. Chatterjee and
S. O’Rahilly, unpublished observations) (Figure 2B) and sets it
apart from other types of inherited and acquired lipodystrophy,
although the mechanism remains uncertain. In view of the pro-
pensity of PPARY activation by TZDs to increase blood volume, it
may be that hypertension in PLRS is driven primarily by increased
vascular tone. Consistent with this hypothesis, PPARY is expressed
in both vascular smooth muscle and endothelial cells and may
stimulate muscle relaxation through inhibition of vascular cal-
cium channels (85), and through reduction of levels of vasoac-
tive peptides such as endothelin-1 (86). Interestingly, transgenic
mice expressing dominant-negative P465L PPARY, although they
showed no insulin resistance, were found to be hypertensive (87).
This not only provides supportive evidence for a pathogenic role
for dominant-negative PPARy mutations in hypertension but also
suggests that the mechanisms involved are distinct from those
leading to insulin resistance. The severe form of the metabolic
syndrome represented by PLRS would be expected to accelerate
atherogenesis. Consistent with this hypothesis, early-onset coro-
nary artery disease is evident in some young affected subjects in
this cohort. This emerging vascular phenotype suggests that, in
addition to cardiovascular risk factors, macrophage PPARy dys-
function might contribute to accelerated atherogenesis.

The phenotypic variation within affected PLRS kindreds may be
striking, with male subjects and individuals with high levels of aero-
bic exercise demonstrating mitigated deleterious metabolic conse-
quences of the PPARy mutations. This evidence of important envi-
ronmental and possibly background genetic modifiers of the PLRS
phenotype is in accord with the studies of the PPARy Pro12Ala poly-
morphism (discussed below) and perhaps explains the metabolic
phenotype of transgenic mice harboring dominant-negative PPARy
alleles (87, 88), which is much milder than that of PLRS subjects.

Deductions about the physiological function of PPARy derived
from phenotypes of subjects with dominant-negative mutations are
based on the assumption that these mutations cause pure PPARy
loss of function. In fact, 2 naturally occurring mutations have been
shown in vitro also to inhibit wild-type PPARc and PPARS function
(89), and although this has yet to be formally tested in vivo, this
observation introduces a caveat to such extrapolation. A much clean-
er example of PPARY loss of function is afforded by the discovery of
a frameshift mutation (null allele) in a single kindred with severe
insulin resistance (90). The metabolic phenotype did not cosegre-
gate with the PPARy mutation in this pedigree, but a premature
stop (nonsense mutation) in the muscle-specific glycogen-target-
ing subunit of protein phosphatase 1 (PPP1R3A) was later found in
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Volume 116 ~ Number 3



review series

the same group of subjects. Although this too failed to cosegregate
completely with the abnormal phenotype, double heterozygosity for
the 2 gene defects occurred only in subjects with extreme insulin
resistance. This kindred provides the first example of digenic insulin
resistance and diabetes and may allow us to define a paradigm for
the molecular pathogenesis of common type 2 diabetes mellitus, in
which mild oligo- or polygenic defects in remote insulin-sensitive
tissues interact to produce the systemic metabolic defect. Interest-
ingly, the 3 subjects with heterozygosity for the PPARY frameshift
mutation alone had fasting insulin levels that were toward the bot-
tom of the normal range, suggesting that haploinsufficiency for
PPARY alone does not lead to severe insulin resistance in the absence
of a “second hit” on glucose homeostasis, consistent with findings
in heterozygous PPARy-null mice (91, 92).

Common variants in PPARy and human

metabolic disease

The receptor mutations described hitherto are rare, and although
they have profound phenotypic effects in affected individuals, they
make a negligible contribution to the risk of insulin resistance or
type 2 diabetes in the general population. In contrast, by far the
most prevalent human PPARY genetic variant is a polymorphism
replacing alanine with proline at codon 12 (Prol12Ala) in the
unique PPARY2 amino-terminal domain, with an allelic frequency
ranging between 2% and 23% in different ethnic groups (93, 94). In
vitro, the Pro12Ala variant exhibits reduced binding to DNA and
modest impairment of transcriptional activation (95, 96).

The methodology of genetic epidemiology has been extensively
used to seek association between metabolic disease and Pro12Ala.
Although early studies of type 2 diabetes were inconsistent, a meta-
analysis in 2000 confirmed a modest (1.25-fold) but significant
(P=0.002) increase in diabetes risk with the Pro allele (93). Thus, if an
entire population carried the Ala allele, the global prevalence of type
2 diabetes mellitus would be reduced by 25%, making PPARy poten-
tially the most important common “diabetogene” thus far discov-
ered. Subsequent reports in different ethnic groups have supported
this finding (97-100). The failure of several reports to corroborate
the association may be due to insufficient sample sizes and the influ-
ence of some of the modifying factors discussed below (101-104).

In the index study, carriers of the Ala polymorphism had a sig-
nificantly lower BMI, and after correction for this, there was no dif-
ference in insulin sensitivity between genotypes (95). This observa-
tion, in conjunction with the lower transcriptional activity of the
Ala variant in vitro, led to the hypothesis that improved insulin
sensitivity might be accounted for entirely by changes in adiposity.
However, subsequent studies have failed to yield consistent find-
ings, with some demonstrating a modestly greater BMI in carriers
of the Ala allele (105-107). A recent meta-analysis has further sug-
gested a significant correlation of the Pro12Ala allele with higher
BMI in those with a BMI above 27 kg/m?. Thus, the influence of the
Pro12Ala allele on total adiposity remains uncertain, and more sub-
tle effects on adipose tissue topography have yet to be addressed.

Discrepancies in epidemiological studies may arise from the
presence of linked sequence variants of functional significance in
the PPARY gene, some of which may oppose the effect of Pro12Ala
(108). However, only a limited number of studies have examined
haplotype associations with metabolic parameters (109, 110). Also
likely to be of crucial importance are environmental modifiers of
the effects of genetic variation in PPARy. The most frequently tested
modifiers have been diet and aerobic exercise. However, although
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only Pro/Pro homozygotes were found in 2 studies to show a rela-
tionship between fat intake and BMI (111, 112), other studies have
shown greater sensitivity of Ala carriers to dietary factors. This has
been evidenced by a stronger relationship between BMI and the
ratio of dietary polyunsaturated fat to saturated fat intake (113), as
well as by faster weight regain after a hypocaloric diet (114), and by
a greater plasma TG response to w3 FAs in Ala carriers compared
with Pro homozygotes (115). Studies of differential responses to
exercise have been more consistent, with Ala carriers proving more
sensitive to aerobic exercise in terms of a range of different meta-
bolic parameters or body weight (116-119), while one study found
a greater interaction between dietary FA profile, exercise, and fast-
ing insulin in Ala carriers than in Pro homozygotes (122).

The mechanism whereby this polymorphism affects glucose
and lipid homeostasis remains to be fully determined. While some
studies report enhanced suppression of lipolysis and hence adi-
pose lipid trapping in Ala carriers (121, 122), others have detected
no difference in fasting FFAs (122) or response to oral lipid (103),
while another actually found lower post-heparin plasma lipopro-
tein lipase activity in Ala carriers (123). Although differences in
adipocytokine levels are an attractive explanation for genotype-
specific metabolic responses, the reported relationship of Pro12Ala
genotype to plasma adiponectin has not been consistent (124,
125). In summary, common sequence variation in the PPARy gene
may account for a significant part of the population attributable
risk for type 2 diabetes mellitus. Findings to date are supportive of
a role for PPARy at the interface of environment and the control
of metabolism. However, further studies incorporating rigorous
controls for genetic and environmental confounders are required
to identify the molecular mechanisms involved.

Conclusions

PPARYy was first identified as a member of the nuclear receptor
family just over a decade ago. The tremendous strides that have
been made in understanding and manipulating its biology are a
testament to the power of modern molecular biology and clinical
medicine. However, we still have much to learn about the role of
this molecule in human metabolic disease and its utility as thera-
peutic target. What is the “real” ligand, if such an entity exists?
Would selective modulators of PPARy interaction with particular
coactivators or corepressors have therapeutic advantages? What
are the long-term consequences of pharmacological PPAR activa-
tion for the progress of atherosclerosis? Can we exploit knowledge
of dietary constituents that modulate PPARy function to enhance
health through a “nutrigenomic” approach? We anticipate consid-
erable progress in addressing these questions but are sure that the
next decade of research will hold as many surprises as the last.
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