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nsulin resistance both precedes and predicts type 2 diabetes mel

 

-
litus.

 

1

 

 Although exercise and weight loss ameliorate insulin resistance and may in
some cases prevent or delay onset of the disease,

 

2

 

 therapy that combats insulin re-
sistance in those who fail to change their lifestyle is needed. Current pharmacologic
approaches are unsatisfactory in improving such consequences of insulin resistance as
hyperglycemia, diabetic dyslipidemia, abnormal coagulation and fibrinolysis, and hyper-
tension,

 

3

 

 each of which may require the use of at least one medication. Thus, the devel-
opment of drugs targeted to reverse insulin resistance is important. The insulin-sensi-
tizing thiazolidinediones, which are selective ligands of the nuclear transcription factor
peroxisome-proliferator–activated receptor 

 

g

 

 (PPAR

 

g

 

),

 

4

 

 are the first drugs to address the
basic problem of insulin resistance in patients with type 2 diabetes. Furthermore, this
class of agents may have a role in treating patients with nondiabetic insulin-resistant
conditions. This review briefly describes the current understanding of the mechanisms
of action of thiazolidinediones and focuses on their use as hypoglycemic therapies in
patients with type 2 diabetes.

The peroxisome-proliferator–activated receptors (PPARs) are a subfamily of the 48-
member nuclear-receptor superfamily

 

5

 

 and regulate gene expression in response to lig-
and binding.

 

6,7

 

 Various fatty acids serve as endogenous ligands for PPARs, whereas
some members of the superfamily (farnesoid X receptors) bind bile acids and others
(liver X receptors) bind oxysterols.

 

5

 

 Three PPARs, designated PPAR

 

a

 

, PPAR

 

d

 

 (also
known as PPAR

 

b

 

), and PPAR

 

g

 

, have been identified to date.
After ligand binding, PPARs undergo specific conformational changes that allow for

the recruitment of one coactivator protein or more.

 

8

 

 Ligands differ in their ability to inter-
act with coactivators, which explains the various biologic responses observed.

 

6,7,9-11

 

PPARs regulate gene transcription by two mechanisms (Fig. 1). Transactivation is DNA-
dependent and involves binding to PPAR response elements of target genes and het-
erodimerization with the retinoid X receptor.

 

8

 

 A second mechanism, transrepression,
may explain the antiinflammatory actions of PPARs. It involves interfering with other
transcription-factor pathways in a DNA-independent way.

 

9

 

PPAR

 

a

 

 is expressed predominantly in the liver, heart, and muscle, as well as in the
vascular wall.

 

7

 

 Fibrates such as fenofibrate, bezafibrate, ciprofibrate, and gemfibrozil
act as full or partial PPAR

 

a

 

 agonists. In general, PPAR

 

a

 

 activation enhances free fatty
acid oxidation, controls expression of multiple genes regulating lipoprotein concentra-
tions, and has antiinflammatory effects (Fig. 2). PPAR

 

a

 

 agonists prevent or retard ath-
erosclerosis in mice and humans.

 

12-14

 

 
PPAR

 

d

 

 is expressed in many tissues, with the highest expression in the skin, brain,
and adipose tissue. In mice in which PPAR

 

d

 

 is ablated (PPAR

 

d

 

 null mice),

 

15

 

 these tissues
display alterations such as delayed wound closure and diminished myelination.

i

the superfamily of peroxisome-proliferator–

activated receptors
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PPAR

 

g

 

 is expressed most abundantly in adipose
tissue but is also found in pancreatic beta cells, vas-
cular endothelium, and macrophages.

 

8,16

 

 Its ex-
pression is low in tissues that express predominant-
ly PPAR

 

a

 

, such as the liver, the heart, and skeletal
muscle. The discovery of PPAR

 

g

 

 as the target for
thiazolidinediones was followed by large-scale clin-
ical trials of several agents.

 

17-27

 

 In January 1997, the
first thiazolidinedione, troglitazone, was approved
as a glucose-lowering therapy for patients in the
United States with type 2 diabetes. Troglitazone was
subsequently withdrawn from the market, in March
2000, because of hepatotoxicity. The two currently
available PPAR

 

g

 

 agonists, rosiglitazone and piogli-
tazone, were approved in the United States in 1999.

 

insulin sensitivity and secretion

 

Thiazolidinediones consistently lower fasting and
postprandial glucose concentrations as well as free
fatty acid concentrations in clinical studies.

 

28-31

 

 In-
sulin concentrations also decrease in most stud-
ies.

 

28-31

 

 Such changes indicate that thiazolidinedi-
ones act as insulin sensitizers, which has been
confirmed by direct measurements in in vivo studies
in humans. For example, treatment of nondiabetic
subjects or those with type 2 diabetes for three to six
months with troglitazone, rosiglitazone, or pioglit-
azone increases insulin-stimulated glucose uptake
in peripheral tissues.

 

28,30,32-34

 

 In similar studies,
thiazolidinediones increase hepatic insulin sensi-
tivity (the ability of insulin to suppress endogenous
glucose production) and insulin sensitivity in adi-
pose tissue (measured from the ability of insulin to
suppress free fatty acid concentrations).

 

30

 

 In addi-
tion, insulin secretory responses, even after adjust-
ment for an improvement in insulin sensitivity, have
increased in subjects with impaired glucose toler-
ance

 

35

 

 and type 2 diabetes.

 

36

 

 Somewhat paradox-
ically, these improvements are generally accom-
panied by weight gain and an increase in the
subcutaneous adipose-tissue mass.

 

30,32,33,37,38

 

enhancement of insulin sensitivity

 

PPAR

 

g

 

 is essential for normal adipocyte differenti-
ation and proliferation as well as fatty acid uptake
and storage. Thiazolidinediones increase the num-
ber of small adipocytes and the subcutaneous ad-
ipose-tissue mass in studies in animal mod-
els.

 

11,32,39

 

 These observations, plus the high level
of PPAR

 

g

 

 expression in adipose tissue, have led to

the hypothesis that thiazolidinediones exert their
insulin-sensitizing actions either directly (the “fat-
ty acid steal” hypothesis) or indirectly, by means of
altered adipokine release, modulating insulin sen-
sitivity outside adipose tissue. According to the “fat-
ty acid steal” hypothesis, thiazolidinediones pro-
mote fatty acid uptake and storage in adipose tissue.
In this way, they increase adipose-tissue mass and
spare other insulin-sensitive tissues such as skeletal
muscle and the liver, and possibly pancreatic beta
cells, from the harmful metabolic effects of high
concentrations of free fatty acids. Thiazolidinedi-
ones thus keep fat where it belongs.

In a manner consistent with that hypothesis,
thiazolidinediones lower circulating free fatty acid
concentrations and triglyceride content in the liver,
but not in skeletal muscle, in patients with type 2
diabetes

 

31,37,40-42

 

 and lipodystrophy.

 

43

 

 Metformin
increases insulin sensitivity in the liver without
changing its fat content in patients with type 2 dia-
betes,

 

42

 

 and thiazolidinediones can lower fasting in-
sulin concentrations without increasing subcuta-
neous fat mass in patients with lipodystrophy.

 

43

 

 
In mice, targeted deletion of PPAR

 

g

 

 in adipose
tissue does not induce insulin resistance in mus-
cle,

 

44

 

 whereas muscle-specific PPAR

 

g

 

 deletion does
cause such resistance.

 

45

 

 Insulin resistance in mus-
cle is unresponsive to thiazolidinediones, implying
that these agents sensitize by directly stimulating
muscle PPAR

 

g

 

 receptors.

 

45

 

 Hepatic insulin resis-
tance in mice lacking PPAR

 

g

 

 in adipose tissue can
be reversed with thiazolidinediones.

 

44

 

 These data
suggest that the insulin-sensitizing effects of thia-
zolidinediones in the liver and muscle of mice are
not mediated by PPAR

 

g

 

 receptors in adipose tissue
in cases in which adipose tissue is unable to respond
to these agents normally. However, the lipoatrophy
that accompanies tissue-specific PPAR

 

g

 

 deletion
may make the action of PPAR

 

g

 

 agonists abnormally
dependent on PPAR

 

g 

 

expression in other tissues.
For example, rosiglitazone is able to reverse hyper-
triglyceridemia, hyperglycemia, and hyperinsulin-
emia in normal mice, whereas the drug is ineffective
in lipoatrophic mice.

 

46

 

 Taken together, data from
knockout-mouse models support the idea that adi-
pose tissue is the most important site for thiazo-
lidinedione action if there are normal amounts of
adipose tissue.

 

indirect effects in adipose tissue

 

Although thiazolidinediones may enhance insulin
sensitivity by keeping fat where it belongs, indirect
effects may also be involved. Gene-expression pro-

mechanism of action 

of thiazolidinediones
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filing studies using oligonucleotide microarrays in
differentiated 3T3-L1 adipocytes have indicated that
rosiglitazone and pioglitazone each regulate the ex-
pression of more than 100 genes and that these
genes are not identical, although they cluster togeth-
er.

 

10

 

 A small fraction of the established PPAR

 

g

 

 tar-
get genes that also seem to be regulated in human
adipose tissue in vitro are shown in Figure 2.

 

47-49

 

Various adipokines, such as adiponectin,

 

50,51

 

 tumor

necrosis factor 

 

a

 

,

 

52

 

 resistin,

 

53

 

 and 11

 

b

 

-hydroxyster-
oid dehydrogenase 1, the enzyme that produces cor-
tisol locally in adipose tissue,

 

11,54

 

 are among the
genes that are regulated by PPAR

 

g

 

 agonists in ro-
dents. Of these, adiponectin increases insulin sen-
sitivity, and tumor necrosis factor 

 

a

 

, resistin, and
11

 

b

 

-hydroxysteroid dehydrogenase 1

 

55

 

 induce in-
sulin resistance in rodents.

Adiponectin, an adipocytokine produced exclu-

 

Figure 1. Molecular Mechanisms of Biologic Responses of Thiazolidinediones.

 

Peroxisome-proliferator–activated receptor 

 

g

 

 (PPAR

 

g

 

) is a transcription factor activated by thiazolidinediones (TZDs). In transactivation, 
which is DNA-dependent, PPAR

 

g

 

 forms a heterodimer with the retinoid X receptor (RXR) and recognizes specific DNA response elements 
called PPAR response elements (PPRE) in the promoter region of target genes. This results ultimately in transcription of PPAR

 

g

 

 target genes. 
After ligand binding, PPARs undergo conformational changes, which lead to recruitment of cofactor proteins and coactivators. The coactiva-
tors interact with nuclear receptors in a ligand-dependent way and influence the set of genes transcribed. In transrepression, PPARs can re-
press gene transcription by negatively interfering with other signal-transduction pathways, such as the nuclear factor-

 

k

 

B (NF-

 

k

 

B) signaling 
pathway, in a DNA-binding–independent manner. STAT denotes signal transducers and activators of transcription, ISGF-RE interferon-stim-
ulated gene factor responsive element, and TRE TPA responsive element, where TPA is a phorbol ester.
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sively by adipose tissue, has both insulin-sensitizing
and antiatherogenic properties in mice.

 

50,51

 

 PPAR

 

g

 

agonists increase adiponectin expression in vitro in
adipose tissue.

 

56

 

 Adiponectin levels are low in pa-
tients with obesity and type 2 diabetes,

 

57-62

 

 as well
as in patients with lipodystrophy.

 

63-66

 

 In vivo treat-
ment with thiazolidinediones

 

31,56,59-61,67,68

 

 mark-
edly increases circulating concentrations of adi-
ponectin, the most abundantly expressed gene
transcript in human adipose tissue.

 

69

 

 It is unclear
whether adiponectin increases hepatic insulin sen-

sitivity in humans as it does in mice, although plas-
ma adiponectin concentrations correlate with liver
fat content both before and after thiazolidinedione
treatment in patients with type 2 diabetes.

 

31,42

 

In the liver and in adipose tissue, 11

 

b

 

-hydroxy-
steroid dehydrogenase 1 catalyzes the interconver-
sion of cortisone to cortisol.

 

70

 

 A full-blown meta-
bolic syndrome characterized by obesity and the
accumulation of visceral fat, as well as increased
concentrations of cortisol in the portal vein but not
of systemic cortisol, develops in mice that overex-

 

Figure 2. Molecular Targets of PPAR

 

g

 

 and PPAR

 

a

 

 Action.

 

PPAR

 

a

 

 is expressed mainly in the liver, in skeletal muscle, in the heart (not shown), and in the endothelial cells and smooth-muscle cells of 
the vascular wall. It regulates genes that influence lipoprotein metabolism and fatty acid uptake and oxidation as well as production of inflam-
matory markers. PPAR

 

g

 

 is expressed mainly in adipose tissue, where it regulates genes involved in adipocyte differentiation, fatty acid uptake 
and storage, and glucose uptake. It also stimulates intravascular lipolysis. CPT denotes carnitine palmitoyl transferase, 

 

a

 

 regulation of the 
gene by PPAR

 

a

 

 agonists, 

 

g

 

 regulation of the gene by PPAR

 

g

 

 agonists, 

 

b

 

 regulation of the gene by PPAR

 

b

 

 (PPAR

 

d

 

) agonists, GLUT4 insulin-
sensitive glucose transporter, PDK-4 pyruvate dehydrogenase kinase 4, HSD1 hydroxysteroid dehydrogenase type 1, LPL lipoprotein lipase, IRS 
insulin-receptor substrate, CAP Cbl–associated protein, GyK glycerol kinase, ABCA1 ATP-binding cassette A1, SR scavenger receptor, iNOS in-
ducible nitric oxide synthase, TNF-

 

a

 

 

 

tumor necrosis factor 

 

a

 

, MMP-9 matrix metalloproteinase 9, MCP-1 monocyte chemoattractant protein 
1, and TZD thiazolidinedione.

Liver Skeletal muscle Adipose tissue

Vascular wall

Lipoprotein metabolism
• Decreased apolipoprotein C-III (a)
• Increased apolipoprotein A-I, II (a)
Fatty acid uptake
• Increased  fatty acid transport protein-1 (a)
• Increased  fatty acid translocase/CD36 (a)
Fatty acid catabolism
• Increased  CPT I, II (a)
Decreased inflammation
• Decreased  C-reactive protein (ag)
• Fibrinogen B (a, by means of interleukin-6)

Adipocyte differentiation (g)
Fatty acid uptake and storage (g)
• Increased fatty acid transport protein-1
• Increased acyl–coenzyme A synthetase
Other effects (g)
• Increased adiponectin
• Decreased 11b-HSD1
Intravascular lipolysis
• Increased LPL (g)
Glucose uptake (g)
• Increased IRS-1 
• Increased IRS-2
• Increased phosphatidyl 3-kinase
• Increased GLUT4
• Increased CAP
• Increased GyK

Adhesion molecules
• Decreased intercellular adhesion molecule-1 (g)
• Decreased vascular-cell adhesion molecule-1 (ag)
Inflammation
• Increased nuclear factor kB (a)
• Decreased cyclooxygenase-2 (a)
Decreased endothelin (ag)

Cholesterol efflux
• Increased ABCA1 (agb)
• Increased SR-B1 (ag)
Other
• Decreased iNOS (g)
• Decreased TNFa (a)
• Decreased interleukin-6 (ag)
• Decreased MMP-9 (g)
• Decreased MCP-1 (g)
• Decreased tissue factor (a)

Macrophages
Foam cells (ag)

PPAR–TZD

Fatty acid catabolism
• Increased CPT I, II (a)
Glucose uptake (g)
• Increased GLUT4
• Increased phosphatidyl 3-kinase
• Decreased PDK-4
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press 11

 

b

 

-hydroxysteroid dehydrogenase 1 in adi-
pose tissue.

 

55 Thiazolidinediones down-regulate
11b-hydroxysteroid dehydrogenase 1 expression in
adipose tissue54 and might thereby alleviate features
of the metabolic syndrome. However, no data on
the effects of thiazolidinediones on 11b-hydroxy-
steroid dehydrogenase 1 activity or expression in
humans are available.

The many effects of thiazolidinediones in vari-
ous tissues make it impossible to define the exact
mechanisms underlying their insulin-sensitizing
effects in vivo in humans. Data suggest that multi-
ple mechanisms are probably involved (Fig. 3). One
mechanism includes stimulation of free fatty acid
storage in adipose tissue, sparing other tissues
such as the liver, skeletal muscle, and possibly beta
cells from lipotoxicity.71 These drugs may also have
indirect insulin-sensitizing effects, especially in the
liver by means of the secretion of adiponectin from
adipose tissue.

effects in patients with type 2 diabetes
Rosiglitazone and pioglitazone are currently ap-
proved in most countries for the treatment of hy-
perglycemia in patients with type 2 diabetes, either
as monotherapy or in combination with sulfonyl-
ureas or metformin. In the United States, both
drugs have also been approved for use in combi-
nation with insulin, provided certain precautions
are followed. 

hypoglycemic effects
Placebo-controlled studies suggest that both pio-
glitazone and rosiglitazone are moderately effective
in achieving glycemic control (Table 1). At maximal
doses, these two drugs seem to decrease glycosy-
lated hemoglobin values on average by 1 to 1.5 per-
cent. Thus, in a typical patient with type 2 diabetes,
one may expect glycosylated hemoglobin to de-
crease from a value of 8.5 percent to a value of 7 per-
cent (normal range, 4 to 6 percent). Pioglitazone
and rosiglitazone decrease glycosylated hemoglo-
bin values more than the weakest hypoglycemic
drugs (e.g., nateglinide and a-glucosidase inhibi-
tors) but slightly less than full doses of glimepiride
(4 to 6 mg), glyburide (glibenclamide, 10 to 15 mg),
or metformin (2 to 2.5 g).72-74 Whether thiazoli-
dinediones are used as monotherapy or are added

to existing therapies does not seem to affect their
hypoglycemic efficacy. No data are available on pa-
tient characteristics that can predict a good treat-
ment response, and no data are available to support
long-term maintenance of glycemic control with
rosiglitazone or pioglitazone as compared with oth-
er existing therapies. Ongoing studies may be use-
ful, such as the A Diabetes Outcome Progression
Trial (ADOPT), which involves patients with type 2
diabetes who have not previously received treat-
ment and who have been randomly assigned to re-
ceive rosiglitazone, glyburide, or metformin mono-
therapy.75

effects on lipids
There are no head-to-head double-blind studies
comparing the effects of pioglitazone and rosiglit-
azone on serum lipids and lipoproteins. However,
low-density lipoprotein (LDL) cholesterol levels have
consistently remained unchanged when monother-
apy with pioglitazone or combination therapy with
pioglitazone and sulfonylurea, metformin, or insu-
lin has been used. In contrast, increases in LDL cho-
lesterol levels, ranging from 8 to 16 percent, have
been noted in studies of rosiglitazone (Fig. 4).
High-density lipoprotein (HDL) cholesterol levels
have increased by approximately 10 percent with
both drugs.

The effects of thiazolidinediones on triglycerides
have been somewhat more variable. Decreases in
triglyceride levels have been observed more often
with pioglitazone than with rosiglitazone (Fig. 4).
The only direct comparison of rosiglitazone and
pioglitazone in an open-label trial, in 127 patients
previously treated with troglitazone, supports the
idea that the two agents have similar effects on gly-
cemia and body weight.76 The same study showed
that pioglitazone is more effective than rosiglita-
zone in regard to LDL cholesterol and serum tri-
glyceride levels. The difference between the effects
of the drugs on lipids cannot be attributed to differ-
ences in their effects on serum free fatty acid con-
centrations, which decreased by similar amounts,
approximately 20 to 30 percent.30,33 Pioglitazone
seems to act like a partial PPARa agonist in vitro,
whereas rosiglitazone seems to be a pure PPARg

agonist.77

Data on mechanisms underlying the effects of
the thiazolidinediones on lipids in humans are vir-
tually nonexistent. For example, there are no data
to characterize the effects of thiazolidinediones on
the production and removal of lipoprotein parti-

clinical efficacy

of thiazolidinediones

in humans
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cles containing apolipoprotein A-I or apolipopro-
tein B. The cause of the increase in HDL and LDL
cholesterol levels during rosiglitazone treatment is
therefore unknown. The effects of rosiglitazone or
pioglitzone on the size of LDL particles have not
been studied in a double-blind, placebo-controlled
trial. Rat and mouse models are not ideal for the
study of human lipoprotein metabolism, because
impaired clearance is the principal defect responsi-
ble for hypertriglyceridemia in these models, rather
than overproduction of very-low-density lipopro-
teins, which is the case in humans.78

Type 2 diabetes is currently the only approved indi-
cation for therapy with thiazolidinediones. How-
ever, thiazolidinediones have been tested as exper-

imental therapies with variable success in other
insulin-resistant conditions, such as nonalcoholic
fatty liver disease,79 polycystic ovary syndrome,80

and lipodystrophies.81

nonalcoholic fatty liver disease
Type 2 diabetes is strongly associated with nonal-
coholic fatty liver disease, a spectrum of liver dam-
age that ranges from benign hepatic steatosis to
potentially fatal cirrhosis.79 According to the third
National Health and Nutrition Examination Survey,
6.4 million adults in the United States have nonal-
coholic fatty liver disease.82 It is the most common
cause of levels of elevated levels of liver enzymes,82

and elevated alanine aminotransferase levels predict
type 2 diabetes independently of obesity.83 Hepatic
steatosis is associated with increased hepatic insu-
lin resistance in humans84 and correlates with insu-
lin requirements during insulin therapy in patients
with type 2 diabetes.85 

effects of thiazolidinediones 

on conditions characterized 

by insulin resistance

Figure 3. Mechanism of Action of Thiazolidinediones in Vivo in Humans.

Thiazolidinediones may keep fat where it belongs — that is, they may increase lipogenesis in adipose tissue, which decreases serum free fatty 
acid concentrations and increases subcutaneous adipose tissue mass and body weight. Adipose tissue expression and serum concentrations 
of adiponectin also increase, which, together with the lowering of serum free fatty acid levels, could contribute to increased hepatic insulin 
sensitivity, the lowering of hepatic fat content, and the inhibition of hepatic glucose production. The latter decreases plasma glucose concen-
trations. Serum insulin concentrations decrease as a consequence of enhanced insulin sensitivity and clearance. Thiazolidinediones have 
also been shown to decrease circulating or urinary markers of cardiovascular risk and vascular inflammation such as plasminogen-activator 
inhibitor type 1, C-reactive protein, matrix metalloproteinase 9 (MMP-9), and urinary endothelin excretion. HDL denotes high-density lipopro-
tein, and LDL low-density lipoprotein.

• Decreased liver fat
• Increased hepatic insulin sensitivity

• Increased insulin sensitivity
• Unchanged intramyocellular lipids

• Decreased insulin

• Increased body weight
• Increased subcutaneous adipose tissue mass

• Increased adiponectin
• Decreased free fatty acids

• Decreased MMP-9
• Decreased interleukin-6
• Decreased C-reactive protein
• Decreased urinary endothelin excretion
• Decreased plasminogen-activator inhibitor type 1

• Decreased glucose
• Unchanged or decreased triglycerides
• Increased HDL cholesterol
• Unchanged or increased LDL cholesterol
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In several recent studies, thiazolidinediones have
been shown to reduce fat accumulation in the liver
in patients with type 2 diabetes37,40-42 and in pa-
tients with lipodystrophy associated with the use of
highly active antiretroviral therapy.43 It is consistent
with such findings that liver enzymes, which have
been extensively monitored because of fear of hep-
atotoxicity, seem to decrease rather than increase
during treatment with pioglitazone and rosiglita-
zone.40,43

Nonalcoholic steatohepatitis represents an ad-
vanced stage within the spectrum of nonalcoholic
fatty liver disease and is defined histologically by
the presence of steatosis along with areas of necro-
sis and inflammation. Recent studies have suggest-
ed that thiazolidinediones not only decrease liver fat
content but also induce improvements in liver his-
tology.86,87

polycystic ovary syndrome
The polycystic ovary syndrome is a disorder of un-
known cause affecting approximately 4 percent of
women of reproductive age.88 Women with the
polycystic ovary syndrome are frequently insulin re-
sistant and at increased risk for type 2 diabetes.89

The hyperinsulinemia accompanying insulin resis-
tance is thought to contribute to hyperandrogenism
in patients with the polycystic ovary syndrome.80,90

Interventions that reduce insulin levels, such as
weight loss and medications (e.g., metformin, dia-
zoxide, or somatostatin analogues), decrease hyper-
androgenism and reduce insulin resistance.91 A
large-scale placebo-controlled trial including 410
women showed that troglitazone treatment was as-
sociated with significant improvements in ovulatory
function, hirsutism, hyperandrogenemia, and insu-
lin resistance.92 Similar data were recently reported
in a small placebo-controlled study in which wom-
en underwent randomization to rosiglitazone and
placebo or to rosiglitazone and clomiphene. Over-
all, 56 percent of women previously resistant to clo-
miphene ovulated: 33 percent of those who were
treated with rosiglitazone alone and 77 percent of
those who were treated with combination therapy.93

Although metformin is considered safe for women
who become pregnant, rosiglitazone and pioglita-
zone are classified as pregnancy category C owing
to experimental evidence of growth retardation in
mid-to-late gestation in animal models. Agents in
category C have had toxic effects in studies in animal

* A dash indicates no data.

Table 1. Comparative Effects of Maximal Doses of Rosiglitazone (8 mg) and Pioglitazone (30 to 45 mg) on Glycemic 
Control as Measured by Absolute Change in Glycosylated Hemoglobin as Compared with Placebo or Control Group 
(Metformin, Sulfonylurea, or Insulin Alone or in Combination).

Type of Therapy Study
No. of 

Patients
Duration of 

Study

Decrease in 
Glycosylated 
Hemoglobin

Weight 
Gain*

wk % kg

Pioglitazone

Monotherapy Aronoff et al.17 155 26 1.6 4.1

Scherbaum and Göke18 162 26 0.7 1.9

Rosenblatt et al.19 197 23 1.4 3.2

Combination therapy

Metformin Einhorn et al.20 328 16 0.8 2.3

Sulfonylurea Kipnes et al.21 376 16 1.3 3.7

Insulin Rosenstock et al.22 358 16 1.0 3.7

Rosiglitazone

Monotherapy Lebovitz et al.23 327 26 1.5 4.5

Combination therapy

Metformin Fonseca et al.24 223 26 1.2 3.1

Gomez-Perez et al.25 70 26 1.5 3.3

Sulfonylurea Vongthavaravat et al.26 348 26 1.2 —

Insulin Raskin et al.27 207 26 1.3 4.4
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models, but the results of studies in humans are in-
adequate; the agents should be used during preg-
nancy only if the potential benefit justifies the po-
tential risk to the fetus. Polycystic ovary syndrome
is not an approved indication for the use of thiazo-
lidinediones.

lipodystrophies
By far the most common form of lipodystrophy is
that associated with use of highly active antiretrovi-
ral therapy in patients with human immunodeficien-
cy virus (HIV) disease. At least one lipodystrophy-
related symptom develops after 12 to 18 months in
approximately half of patients treated with highly
active antiretroviral therapy.94 Lipodystrophy, es-
pecially facial lipoatrophy, can be disfiguring and
stigmatizing. There is no pharmacologic therapy

for lipoatrophy, which is invariably accompanied
by marked insulin resistance. Thiazolidinediones
would seem to be an ideal therapy for insulin resis-
tance and lipoatrophy associated with highly active
antiretroviral therapy, because the drugs increase
both insulin sensitivity and subcutaneous fat mass.
However, in the only placebo-controlled trial in
which patients with lipodystrophy associated with
highly active antiretroviral therapy were treated
(rosiglitazone, 8 mg per day for six months), there
was no evidence of an increase in adiposity or body
weight,43 in contrast to studies in patients with type
2 diabetes.30,32 In rare forms of human lipodystro-
phy, treatment with troglitazone for six months was
reported to decrease glycosylated hemoglobin val-
ues and triglyceride levels and to induce a slight in-
crease (2.4 percent) in subcutaneous fat.95

Figure 4. Comparative Effects of Maximal Doses of Rosiglitazone (8 mg) and Pioglitazone (30 to 45 mg) on Serum Lipids 
and Lipoproteins in Randomized, Controlled Trials.

All changes are shown as percent changes relative to the change in the placebo group (i.e., percent change from baseline 
with pioglitazone or rosiglitazone minus percent change with placebo from baseline). Asterisks indicate P≤0.05. LDL de-
notes low-density lipoprotein, HDL high-density lipoprotein, and ND no data. Yellow bars indicate monotherapy, red 
bars combination therapy with metformin, green bars combination therapy with sulfonylurea, and purple bars combina-
tion therapy with insulin.

LD
L 

C
ho

le
st

er
ol

 (%
)

¡10

10

20

4
0

¡4

0ND1

9*

13*

9*

13*

ND

11*

0

0

10

15

5

H
D

L 
C

ho
le

st
er

ol
 (%

)
Tr

ig
ly

ce
ri

de
s 

(%
)

¡24*¡26*

¡18*¡17*

ND

¡14

¡30

¡10

0

¡20

RosiglitazonePioglitazone

Ar
on

of
f e

t a
l.

17

Sc
he

rb
au

m
 a

nd
 G

ök
e1

8
Ro

se
nb

la
tt 

et
 a

l.
19

Ei
nh

or
n 

et
 a

l.2
0

Ki
pn

es
 e

t a
l.

21
Ro

se
ns

to
ck

 e
t a

l.2
2

Le
bo

vi
tz

 e
t a

l.2
3

Fo
ns

ec
a 

et
 a

l.2
4

G
om

ez
-P

er
ez

 e
t a

l.2
5

Vo
ng

th
av

ar
av

at
 e

t a
l.2

6
Ra

sk
in

 e
t a

l.2
7

¡19*

ND

2

ND
¡5

9*

5*
8*

5*

13*

12*
8*

16*14* 16*

Study

¡10

10

20

0

0

10

15

5

¡30

¡10

0

¡20

Copyright © 2004 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org by NICOLA GALDIERI MD on September 14, 2009 . 



n engl j med 351;11 www.nejm.org september 9, 2004

The new england journal of medicine

1114

Cardiovascular disease is the leading cause of death
worldwide and a major complication of type 2 dia-
betes.96 In contrast to insulin, sulfonylureas, and
metformin, all of which were shown in the United
Kingdom Prospective Diabetes Study to be of bene-
fit, or at least safe,97,98 only data on markers of car-
diovascular risk are currently available for thiazo-
lidinediones.

body composition and blood pressure
Thiazolidinediones lead to an increase in body
weight of 2 to 3 kg for every 1 percent decrease in
glycosylated hemoglobin values (Table 1). The mag-
nitude of the increase is similar during monothera-
py and combination therapy with insulin99 or
metformin20,24,25 in type 2 diabetes. The increase
in body weight has been attributed to expansion of
the subcutaneous fat depot, and in some patients to
edema, whereas the mass of visceral fat remains
unchanged37 or decreases.32 The clinical signifi-
cance of these changes for patients with cardio-
vascular disease remains to be established. Sys-
tematic reviews of the literature have found no
notable benefits of thiazolidinediones in regard to
blood pressure.100

plasma and urinary markers
Both pioglitazone and rosiglitazone may decrease
the risk of cardiovascular disease by reducing glu-
cose, insulin, and free fatty acid concentrations and
by increasing HDL cholesterol levels. The signifi-
cance of the increase in LDL cholesterol levels ob-
served during rosiglitazone treatment is unclear,
because of a lack of data on the effect of the drug
on the size of LDL particles.

Circulating concentrations of adiponectin are
low in patients with insulin-resistant conditions and
are increased by thiazolidinediones. Circulating
concentrations are also low in patients with coro-
nary artery disease.57,101 

Few data are available regarding the effects of
thiazolidinediones on other markers of cardiovas-
cular risk. One double-blind, placebo-controlled
study showed that in patients with type 2 diabetes,
rosiglitazone monotherapy was associated with a
decrease in the ratio of urinary albumin to creati-
nine.23 Another placebo-controlled study showed
that rosiglitazone decreased plasma levels of plas-

minogen-activator inhibitor type 1 in cases of lipo-
dystrophy associated with the use of highly active
antiretroviral therapy in HIV-positive patients.102

Other reports suggest that rosiglitazone decreases
serum concentrations of the matrix-degrading
MMP-9 (matrix metalloproteinase 9), C-reactive
protein, and interleukin-6 (Fig. 3).103,104

vascular function and disease
Two double-blind, placebo-controlled studies have
examined the effects of troglitazone on endotheli-
um-dependent and -independent vasodilatation in
humans. One study showed that eight weeks of tro-
glitazone therapy had no effect on vascular function
in patients with obesity,34 whereas the other showed
improvements in flow-mediated vasodilatation in
a subgroup of patients in whom type 2 diabetes had
been newly diagnosed.105 A placebo-controlled
study showed reduced progression of the intima–
media thickness of the common carotid artery in
patients with type 2 diabetes who were treated with
rosiglitazone.106 There are no data on the effects of
thiazolidinediones on cardiovascular events in pa-
tients with insulin-resistant conditions. Two stud-
ies, the Prospective Pioglitazone Clinical Trial in
Macrovascular Events and the Rosiglitazone Eval-
uated for Cardiac Outcomes and Regulation of
Glycaemia in Diabetes trial, are currently investi-
gating the effects of pioglitazone and rosiglitazone
on cardiovascular events in patients with type 2 di-
abetes.107

weight gain, fluid retention, and anemia
The use of thiazolidinediones is associated with
weight gain (Table 1), and a subgroup of patients
have fluid retention and plasma volume expansion,
which lead to peripheral edema. Edema has been
reported in 4 to 6 percent of patients undergoing
treatment with thiazolidinediones as compared
with 1 to 2 percent of those receiving placebo or
other hypoglycemic therapies. The increase in
body weight and edema has been associated with
an increase in the incidence of heart failure in pa-
tients being treated with thiazolidinediones and
insulin. The Food and Drug Administration has in-
cluded a warning in the prescription information
for rosiglitazone (Avandia) and pioglitazone (Ac-
tos). The European Agency for the Evaluation of Me-

effects of thiazolidinediones on 

markers of cardiovascular risk

safety and tolerability 

of thiazolidinediones
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dicinal Products considers insulin therapy a con-
traindication to the use of thiazolidinediones.
According to the agency, the frequency of conges-
tive heart failure was 2.5 times as great with combi-
nation therapy with insulin and thiazolidinediones
as with insulin alone, although the reason was not
clear. The use of thiazolidinediones is also associ-
ated with slight decreases in the hemoglobin level
and hematocrit, probably without clinical conse-
quence.100

hepatotoxicity
The idiosyncratic liver toxicity observed with troglit-
azone does not seem to be a class effect. In 13 dou-
ble-blind studies, 1.91 percent of 2510 patients,
0.26 percent of 1526 patients, and 0.17 percent of
3503 patients receiving troglitazone, pioglitazone,
and rosiglitazone had alanine aminotransferase
values that were more than three times the upper
limit of the reference range.108 Alanine aminotrans-
ferase levels more than 10 times the upper limit of
normal were observed in 0.68 percent of patients
undergoing treatment with troglitazone as com-
pared with none taking rosiglitazone and piogli-
tazone.

The lipid-lowering and cardioprotective effects of
PPARa agonists, such as fenofibrate14 and gemfib-
rozil,13 and the glucose-lowering effects of thiazo-
lidinediones have led to a search for dual PPAR
agonists (compounds with the combined effects of
PPARa and PPARg). Amelioration of insulin sensi-
tivity in humans by means of interventions such as
weight loss leads to the correction of abnormalities
in both glucose and lipid metabolism. Therefore,
dual PPAR agonists might be closer to true insulin
sensitizers than are pure PPARg agonists, which
have only questionable effects on lipid metabolism.
Studies in animal models suggest that this is the
case.109 According to the Food, Drug, and Cosmetic
Act report of new drug applications, as many as
eight dual PPAR agonists are currently under clini-
cal development, including two in phase 3 trials.

Another approach to improving the metabolic
profile of thiazolidinediones has been to identify
selective PPAR modulators that act like partial ago-

nists or antagonists of pure PPARg agonists.110 Ex-
amples of selective modulators that have been de-
veloped include tamoxifen and raloxifene, which act
like antagonists in the breast but like estradiol in
the bone.111 Studies in animal models suggest that,
unlike the thiazolidinedione full agonists, nonthi-
azolidinedione selective PPAR modulators have re-
tained metabolic efficacy regarding the lowering of
glucose and insulin concentrations but have coun-
teracted weight gain and the expansion of subcuta-
neous adipose depots.10 Clinical development of
these agents has not yet begun. Finally, tyrosine-
based nonthiazolidinedione PPARg agonists, which
are more potent than thiazolidinediones, have also
been developed to surmount some of the problems
of thiazolidinediones.112

The epidemic of type 2 diabetes has created a large
need for new hypoglycemic therapies, but very few
agents have been introduced during the past 20
years. The thiazolidinediones represent a potential-
ly important new group of drugs with a mechanism
of action differing from and perhaps complemen-
tary to existing therapies. Thiazolidinediones, un-
like metformin or sulfonylureas, decrease hepatic
fat content and increase insulin sensitivity in mus-
cle. These properties would seem to make the drugs
particularly useful in patients with insulin-resis-
tant type 2 diabetes, but no data are currently avail-
able to help identify the patients who would respond
best to these drugs. Although thiazolidinediones
lower glucose concentrations and increase insu-
lin sensitivity, their nonglycemic effects on body
weight, lipids, and blood pressure have been a dis-
appointment, implying that this class of medica-
tions will not reduce the need to treat dyslipidemia
and hypertension with separate therapies. 

Since cardiovascular disease is a major burden
in patients with type 2 diabetes, data about the ef-
fects of thiazolidinediones on cardiovascular dis-
ease are urgently needed. Until such data are avail-
able, one might conclude that although the study
of PPARs has greatly expanded our understanding
of the biology of adipose tissue, currently available
thiazolidinediones are no more than moderately ef-
fective and expensive alternatives to existing hypo-
glycemic therapies.

insulin sensitization beyond 

thiazolidinediones

conclusions
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