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REVIEW

Thiazolidinediones: effects on insulin resistance and
the cardiovascular system

CE Quinn, PK Hamilton, CJ Lockhart and GE McVeigh

Department of Therapeutics and Pharmacology, Queen’s University Belfast, Belfast, UK

Thiazolidinediones (TZDs) have been used for the treatment of hyperglycaemia in type 2 diabetes for the past 10 years. They
may delay the development of type 2 diabetes in individuals at high risk of developing the condition, and have been shown to
have potentially beneficial effects on cardiovascular risk factors. TZDs act as agonists of peroxisome proliferator-activated
receptor-y (PPAR-y) primarily in adipose tissue. PPAR-y receptor activation by TZDs improves insulin sensitivity by promoting
fatty acid uptake into adipose tissue, increasing production of adiponectin and reducing levels of inflammatory mediators such
as tumour necrosis factor-alpha (TNF-o), plasminogen activator inhibitor-1(PAI-1) and interleukin-6 (IL-6). Clinically, TZDs
have been shown to reduce measures of atherosclerosis such as carotid intima-media thickness (CIMT). However, in spite of
beneficial effects on markers of cardiovascular risk, TZDs have not been definitively shown to reduce cardiovascular events in
patients, and the safety of rosiglitazone in this respect has recently been called into question. Dual PPAR-a/y agonists may offer
superior treatment of insulin resistance and cardioprotection, but their safety has not yet been assured.
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Introduction

Type II diabetes is an increasing problem in the developed
world. Most costs associated with the condition relate to
hospital-based care to treat microvascular and macrovascular
complications. Patients with diabetes are known to be at
increased risk of coronary artery disease, myocardial infarc-
tion and stroke (Huang, 2005), that is increased two- to four-
fold compared with non-diabetic subjects (Dormandy et al.,
2005). Intensive glucose control is the accepted standard for
management of patients with type II diabetes (Kendall,
2006). The UK Prospective Diabetes Study showed that
intensive glycaemic control can significantly reduce the
complications of diabetes, principally microvascular compli-
cations especially retinopathy (UKPDS, 1998). To signifi-
cantly reduce macrovascular complications, we require
comprehensive risk factor management that includes treat-
ment of hypertension, hyperlipidaemia and hypercoagul-
ability in addition to optimizing blood glucose control.
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Thiazolidinediones (TZDs) have been used for the treat-
ment of hyperglycaemia in type II diabetes since 1997.
Troglitazone was the first of this class of drugs to be
introduced into clinical practice, but was withdrawn due to
liver toxicity. Currently, pioglitazone and rosiglitazone are
the only compounds licensed for patients with type II
diabetes. TZDs can be used as monotherapy or in combina-
tion with other glucose-lowering agents. Pioglitazone is
licensed for use in combination with insulin in patients for
whom metformin is inappropriate due to contraindications
or intolerance. The recent PROspective PioglitAzone Clinical
Trial in macroVascular Events (PROactive) study provided
tentative evidence that pioglitazone may have a beneficial
effect on cardiovascular risk in type II diabetics, an effect
independent of its glucose-lowering properties (Dormandy
et al.,, 2005). TZDs may also have a role retarding the
development of type II diabetes in individuals at high risk of
developing the condition. They have been shown to have
potentially beneficial effects on traditional and some novel
cardiovascular risk factors (The DREAM (Diabetes REduction
Assessment with ramipril and rosiglitazone Medication)
Trial Investigators, 2006). TZDs act as agonists of peroxi-
some proliferator-activated receptor-y (PPAR-y). This review



explores the potential value of PPAR-y agonists in medicine
with particular emphasis on their effects on insulin resis-
tance and the cardiovascular system.

Pathogenesis of insulin resistance and adipokines

The insulin receptor is a hetero-tetrameric transmembrane
glycoprotein composed of two extracellular a-subunits and
two transmembrane B-subunits (Becker and Roth, 1990).
Insulin binds to the o-subunit and the receptor undergoes
autophosphorylation which is catalysed by the tyrosine-
specific protein kinase in the B-subunit (Denton et al., 1981).
Phosphorylation of tyrosine residues occurs and leads to
phosphorylation of insulin receptor substrates (IRSs), which
are released to a new site and interact with phosphatidyl-
inositol 3-kinase (Lam et al., 1994). This connects with
glucose transporter-4 (GLUT-4), which has a direct effect
on peripheral tissue glucose uptake (Watson and Pessin,
2001).

IRS phosphorylation, phosphatidylinositol 3-kinase activ-
ity and GLUT-4 activity have been shown to be impaired in
patients with insulin resistance (Krook et al., 2004). Elevated
free fatty acids (FFAs) are associated with this condition and
it has been postulated that there is a competition between
FFA and glucose for mitochondrial oxidation as part of the
glucose—fatty acid cycle. Increased free fatty acid oxidation
causes elevation of the intramitochondrial acetyl-CoA/CoA
and NADH/NAD " ratios with subsequent inactivation of
pyruvate dehydrogenase. Citrate concentrations increase
leading to inhibition of phosphofructokinase and accumula-
tion of glucose-6-phosphate which in turn inhibits hexoki-
nase II and results in reduced glucose uptake (Randle et al.,
1963). However, an alternative theory states that FFAs inhibit
glucose transport/phosphorylation, leading to a reduction in
glucose oxidation and muscle glycogen synthesis (Roden
et al., 1996). Metabolites of FFA such as diacylglycerol, fatty
acyl Co-A and ceramide may also cause defects in the insulin
signalling pathway (Shulman, 2000), which leads to impair-
ment of IRS-1 tyrosine phosphorylation and a decrease in
glucose transport.

In obese patients, white adipose tissue displays low-grade
inflammation characterized by infiltration of macrophages,
which produce proinflammatory cytokines (Weisberg et al.,
2003). There is overproduction of cytokines such as tumour
necrosis factor-o (TNF-o) and interleukin-6, which are
thought to have a detrimental effect on the insulin
signalling pathway and therefore alter insulin sensitivity
(Bastard et al., 2006). TNF-a exerts its effects on insulin
signalling in three ways: firstly, it reduces tyrosine phos-
phorylation by increasing serine or threonine phosphoryla-
tion of the insulin receptor (Hotamisligil et al., 1994).
Secondly, it downregulates GLUT-4 and the enzyme respon-
sible for insulin signal transduction (Stephens et al., 1997). It
has also been shown that TNF-a increases ceramide, a lipid
which downregulates GLUT-4 gene transcription in adipo-
cytes (Long and Pekala, 1996). Thirdly, TNF-a increases
release of free fatty acids by stimulation of lipolysis. This
process is dependent on the downregulation of the lipid
droplet-associated protein perilipin. Perilipin is thought to
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prevent the accession of hormone-sensitive lipase to the
surface of the fat droplet where lipid degradation takes place.
The elevated level of FFA leads to insulin resistance as
described above (Guo and Tabrizchi, 2006). Other adipocyte-
derived proteins such as resistin and leptin may also affect
the pathway, as does plasminogen activator inhibitor-1 (PAI-1)
which interrupts insulin signalling by preventing the inter-
action of integrins with the insulin receptor (Lopez-Alemany
et al., 2003). In addition, high plasma PAI-1 levels have been
considered a risk factor for coronary heart disease in diabetic
patients and are associated with morbidity and mortality in
diabetes (Alessi and Juhan-Vague, 2004; Guo and Tabrizchi,
2006; Figure 1).

In contrast to other adipocyte-derived proteins, adiponec-
tin (also known as Acrp30) is an adipokine, which is thought
to have antidiabetic and antiatherogenic properties,
although further study of this molecule in humans is
required to confirm this theory. Adiponectin is secreted by
both white and brown adipose tissue and is structurally
similar to complement with a C-terminal globular domain
and an N-terminal collagen domain. It exists in a wide range
of multimer complexes in plasma and combines via its
collagen domain to create three major oligomeric forms: a
low-molecular-weight trimer, a middle-molecular-weight
hexamer and a high-molecular-weight 12- to 18-mer adipo-
nectin (Kadowaki et al.,, 2006). High-molecular-weight
adiponectin is the most active form of the protein and is
most relevant to insulin sensitivity. In contrast to PAI-1 and
TNF-a, levels of adiponectin have been found to be reduced
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Figure 1 Fatty acid and cytokine-induced insulin resistance in
skeletal muscle. Fatty acid metabolites inhibit phosphorylation of
IRS, which leads to reduced uptake of glucose via GLUT-4. TNF-o
also interrupts insulin signalling by inhibiting this phosphorylation,
along with downregulating GLUT-4 and increasing FFA release. PAI-1
inhibits the interaction of integrins with the insulin receptor. IRS,
insulin receptor substrate; GLUT-4, glucose transporter-4; PI3K,
phosphatidylinositol 3-kinase; TNF-a, tumour necrosis factor; PAI-1,
plasminogen activator inhibitor-1; FFA, free fatty acid.
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in obesity and insulin resistance. Low levels are also
independently associated with coronary artery disease and
may predict development of atherosclerosis in both diabetic
and non-diabetic patients (Kumada et al., 2003). It is thought
that adiponectin enhances hepatic insulin action and
promotes fatty acid oxidation in skeletal muscle, thus
reducing glucose levels, although much of the evidence for
this is derived from animal studies (Berg et al., 2001; Tomas
et al., 2002). However, one group has investigated the effect
of the globular head of adiponectin (gAcrp30) on human
skeletal muscle and found evidence that gAcrp30 plays a role
in regulating fatty acid and glucose metabolism in this
tissue. Treatment of lean muscle with this protein increased
fatty acid oxidation by 70%, and in obese muscle by 30%
(Bruce et al., 2005). gAcrp30 increased glucose uptake by 37%
in lean muscle and 33% in obese muscle. Combined
exposure of insulin and gAcrp30 demonstrated an additive
effect on glucose uptake in lean and obese individuals, but
this effect was reduced by 50% in obese muscle. These effects
are thought to be due to an increase in AMP-activated
protein kinase-a1 and AMP-activated protein kinase-o2
activity via specific receptor signalling. However, in obese
muscle, the activation of AMP-activated protein kinase-o2 by
gAcrp30 was blunted indicating the possible development of
adiponectin resistance. Adiponectin may also counteract the
proinflammatory effects of TNF-a on the arterial wall and
hence protect against atherosclerosis (Bastard et al., 2006).
Adiponectin stimulates nitric oxide (NO) production in
endothelial cells and protects endothelial cells from apopto-
sis which may further contribute to its antiatherogenic
effects (Chen et al., 2003). In view of these actions, a
therapeutic strategy for the treatment of insulin resistance,
type II diabetes, the metabolic syndrome and cardiovascular
disease may include the upregulation of adiponectin levels,
the upregulation of adiponectin receptors or the develop-
ment of adiponectin receptor agonists (Kadowaki et al.,
2006).

Atherosclerosis

Inflammation has a pathogenic role in both insulin
resistance and atherosclerosis and a significant inverse
relationship between insulin sensitivity and coronary heart
disease has been described (Rewers et al., 2004). This
relationship is independent of insulin levels and other risk
factors for cardiovascular disease. Development of atheroma
is thought to be due to inflammatory mechanisms (Ross,
1999). Atherogenesis begins with endothelial cell activation
and accumulation of low-density lipoprotein (LDL) choles-
terol in the subendothelium (Berliner et al., 1995). Oxidation
of LDL cholesterol promotes release of monocyte chemotac-
tic protein-1 that attracts and activates circulating mono-
cytes and T cells. Vascular cell adhesion molecule-1 and
intracellular adhesion molecule-1 facilitate the adhesion of
the inflammatory cells to the vascular wall (Ross, 1999).
Monocytes differentiate into macrophages and ingest
cholesterol from the oxidised LDL to form foam cells,
initiating the process of atheromatous plaque formation
and growth (Rios-Vazquez et al., 2006). Vascular smooth
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muscle cells migrate to this region and produce growth
factors. Collagen and elastin form a fibrous cap over the lipid
core (Weissberg, 2000). Metalloproteinases secreted by
macrophages can degrade the collagen of the fibrous
cap, predisposing to plaque rupture with the clinical
outcome of a myocardial infarction or unstable angina
(Fuster et al., 1992).

Reduced levels of NO and subsequent endothelial dysfunc-
tion are involved in the earliest stages of this process of
atheroma formation. NO is produced by platelets and
endothelial cells and reduces smooth muscle proliferation,
leukocyte activation and platelet aggregation and adhesion,
making it antiatherogenic (Radomski et al., 1991; Bath, 1993;
Mooradian et al., 1995).

Insulin resistance is an obvious therapeutic target given its
association with the development of type II diabetes and
vascular complications. The advent of TZDs provided the
first therapeutic agents whose predominant action is to
enhance insulin sensitivity.

PPARs

PPARs are a subfamily of the superfamily of nuclear receptors
that are closely related to the thyroid hormone and retinoid
receptors (Rios-Vazquez et al., 2006). PPARs are ligand-
activated transcription factors that regulate target gene
expression. The PPAR heterodimerizes with retinoid X
receptor and agonist binding leads to altered conformation
of the PPAR. Recruitment of transcriptional co-activators
occurs and the result is an increase in gene transcription
(Berger and Moller, 2002). PPARs regulate the expression of
many genes involved in lipid metabolism and play a key role
in adipocyte differentiation (Tontonoz et al., 1994; Neder-
gaard et al., 2005). Three PPARs have been identified—PPAR-
o, PPAR-B (or 8) and PPAR-y. PPAR-y is found most
abundantly in adipose tissue, but also in pancreatic B-cells,
vascular endothelium and macrophages (Dubois et al., 2000;
Willson et al., 2001). It is also present in skeletal muscle
(Norris et al.,, 2003). PPAR-y receptor activation has an
important role in the modulation of glucose metabolism.

PPAR-y

Seven PPAR-y mRNAs have been identified (Zhou et al.,
2002). PPAR-y-1 and -2 are expressed mostly in adipose tissue
and large intestine. Lower levels are found in kidney, liver
and small intestine (Fajas et al., 1997). PPAR-y-3 is found in
adipose tissue and large intestine, PPAR-y-4 and -5 are
expressed only in macrophages, whereas PPAR-y-6 and -7
have been detected in adipose tissue (Fajas et al., 1998). The
existence of these isoforms and the wide distribution of these
receptors suggests a diversity of ligands and tissue-specific
transcriptional responses (Desvergne and Wahli, 1999). The
ligand-binding pocket of PPAR-y is larger than that of other
nuclear receptors, permitting affinity for a variety of ligands.
In addition to the TZDs, which are potent exogenous
agonists of PPAR-y (Lehmann et al.,, 1995), these ligands
include peroxisome proliferators such as nafenopin, clofibric



acid and warfarin; mono- and poly-unsaturated fatty acids
and arachidonic acid metabolites, which implies a role for
the receptor in lipid metabolism (Kliewer et al., 1997); and
certain non-steroidal anti-inflammatory drugs, for example
ibuprofen (Lehmann et al., 1997). The angiotensin type 1
receptor antagonist telmisartan also acts as a partial agonist
of PPAR-y and may have a role in the treatment of insulin
resistance and diabetes in the future (Kurtz, 2005).

Consequences of PPAR-y receptor activation
byTZDs

TZDs decrease insulin levels which suggests they act as
insulin sensitisers and enhance glucose uptake by insulin-
sensitive tissues. They are thought to exert all these effects by
acting as selective ligands of the PPAR-y receptors primarily
in adipose tissue (Berger et al., 2005). The activated receptors
work in a number of ways to achieve these effects. They alter
the expression of genes involved in lipid metabolism and
promote fatty acid uptake and storage in adipose tissue.
Elevated FFA levels have been found to be associated with
insulin resistance and, as described previously, there have
been a number of theories as to how FFA accumulation can
influence insulin resistance. PPAR-y activation by TZDs has
been shown to reduce the amount of circulating FFA in the
body via adipocyte differentiation and apoptosis. The
number of small adipocytes, which are able to accumulate
FFA, increases at the expense of hypertrophied adipocytes
that release FFA. The distribution of adipose tissue is changed
from visceral sites to subcutaneous parts of the body. PPAR-y
activation has the effect of containing the fatty acids
subcutaneously (Okuno et al., 1998). Fatty acid translocase,
the enzyme which moves circulating FFA into adipocytes, is
upregulated by TZDs which further facilitates this ‘fatty acid
steal’ (Teboul et al., 2001). As lipolysis and levels of
circulating FFA are reduced by PPAR-y activation adipose
tissue mass is increased, so other insulin-sensitive tissues
such as liver, skeletal muscle and possibly pancreatic p-cells
are spared the harmful metabolic effects of high concentra-
tions of free fatty acids that induce insulin resistance (Yki-
Jarvinen, 2004). Glucose metabolism by liver and muscle is
therefore improved. The ‘lipotoxicity’ in pancreatic p-cells
from elevated fat content is also reduced which leads to
decreased B-cell apoptosis, improved B-cell mass and there-
fore insulin secretion in type II diabetic subjects (Bays et al.,
2004).

The insulin-sensitizing effects of TZDs on muscle have
been shown to be indirect. A study using mice with a muscle-
specific deletion of PPAR-y found development of excess
adiposity and whole-body insulin resistance. Treatment with
TZDs ameliorated these effects and altered expression of
several lipid metabolism genes in the muscle of these mice.
Therefore, muscle PPAR-y is not required for the antidiabetic
effects of TZDs but is needed for maintenance of normal
adiposity, whole-body insulin sensitivity and hepatic insulin
action, perhaps via altered lipid metabolism in muscle
(Norris et al., 2003).

PPAR-y activation by TZDs also occurs in macrophages and
is thought to reduce macrophage numbers in adipose tissue.
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The expression of proinflammatory genes is inhibited, and
production of the cytokines TNF-qo, interleukin-6 and PAI-1 is
reduced (Sharma and Staels, 2007). Expression of IRS-2, a
protein with a facilitatory role in the insulin signalling
pathway, is increased in adipose tissue cultured with PPAR-y
agonists (Smith et al., 2001) with subsequent enhancement
of insulin sensitivity.

PPAR-y activation also increases adiponectin production
from adipose tissue which may be due to a direct effect of
PPAR-y on adiponectin transcription (Iwaki et al., 2003).
Treatment with PPAR-y agonists has resulted in significantly
improved glycaemia in diabetic mice and was associated
with an increase in circulating adiponectin levels (Berg et al.,
2001; Bruce et al., 2005). As mentioned previously, adipo-
nectin has been shown to increase fatty acid oxidation in
human skeletal muscle via activation of AMP-activated
protein kinase, with subsequent increased glucose uptake
(Bruce et al., 2005). Animal and in vitro studies indicate that
adiponectin may also protect against atherosclerosis by
decreasing adhesion molecule expression on endothelial
cells to inhibit foam cell formation and vascular smooth
muscle cell proliferation. It inhibits TNF-a-induced adhesion
molecule expression on endothelial cells, including vascular
cell adhesion molecule-1, intracellular adhesion molecule-1
and E-selectin (Blaschke et al., 2006). In addition, adipo-
nectin directly stimulates NO production in endothelial cells
and protects these cells from apoptosis (Chen et al., 2003).
Adiponectin may also be involved in plaque stability
through increasing tissue inhibitors of metalloproteinases
expression and secretion in human monocyte-derived
macrophages (Kumada et al., 2004).

PPAR-y agonists also influence the signalling pathways
that promote atherosclerosis and cardiovascular events (Rios-
Vazquez et al., 2006). PPAR-y agonists inhibit the activation
of nuclear factor-«B, a transcription factor that controls the
expression of many genes involved in immune and inflam-
matory responses (Barnes and Karin, 1997). This has the
effect of downregulating proinflammatory genes involved in
the formation of the atheromatous plaque (Castrillo et al.,
2000). Other nuclear and transcription factors involved in
atherogenesis are also suppressed by PPAR-y activation, such
as CCAAT enhancer-binding protein-é and activator protein
1 (Delerive et al., 1999; Takata et al., 2002). Vascular cell
adhesion molecule-1 and intracellular adhesion molecule-1
expression is inhibited which reduces macrophage migration
to atherosclerotic plaque, and PPAR-y activation by troglita-
zone has been shown to inhibit vascular smooth muscle cell
proliferation and migration (Law et al., 1996).

PPAR-y activation results in improved endothelial-depen-
dent vasodilatation via increased NO production from
endothelial cells which has antithrombotic and antiathero-
genic effects. Treatment with ciglitazone has been shown to
significantly increase release of NO from pulmonary artery
endothelial cells and human umbilical vein endothelial cells.
This was thought to be due to a transcriptional mechanism
independent of endothelial NO synthase expression (Calnek
et al., 2003). PPAR-y activation also inhibits endothelin-1,
which is a vasoconstrictor peptide involved in vascular
smooth muscle cell proliferation and is associated with
coronary artery disease (Salomone et al., 1996), and inhibits
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platelet aggregation and adhesion by decreasing production
of thromboxane A2 (Hamberg et al., 1975). These influences
contribute further to improved endothelial function.
Urinary albumin creatinine ratio, another marker of
cardiovascular risk, is reduced by treatment with rosiglita-
zone (Lebovitz et al., 2001). Mesangial cells in the kidney
have been found to express PPAR-y (Asano et al., 2000) and
diabetic nephropathy is thought to be due to the alteration
of mesangial cells from a quiescent phenotype to a
proliferative myofibroblast-like phenotype, characterized by
increased ao-smooth muscle actin and proinflammatory
cytokines, as well as enhanced production of extracellular
matrix proteins. PPAR-y ligands have been shown to suppress
production of these substances and inhibit proliferation of
mesangial cells (Guan and Breyer, 2001; Figure 2).

Clinical evaluation of TZDs

Clinical trials have shown that TZDs lower fasting and
postprandial glucose and it has been demonstrated that
pioglitazone and rosiglitazone at maximal doses can lower
glycosylated haemoglobin by on average 1-1.5% (YKki-
Jarvinen, 2004). A Diabetes Outcome Progression Trial
(ADOPT) study evaluated the durability of glycaemic control
in patients receiving monotherapy with rosiglitazone, met-
formin or glyburide over 4 years. It showed that treatment
with rosiglitazone slowed progression to monotherapy fail-
ure more effectively than metformin or glyburide. Rosiglita-
zone was also shown to slow the rate of loss of p-cell function
and improve insulin sensitivity to a greater extent than the
other two drugs. However, rosiglitazone was associated with
increased levels of LDL cholesterol and weight gain (Kahn
et al., 2006).

The recent Diabetes REducation Assessment with ramipril
and rosiglitazone Medication (DREAM) study shows rosigli-
tazone can reduce the incidence of diabetes in individuals
with impaired glucose tolerance or impaired fasting glucose

(The DREAM (Diabetes REduction Assessment with ramipril
and rosiglitazone Medication) Trial Investigators, 2006).
However, this trial showed no clear benefit on cardiovascular
outcomes at 3 years—the rate of all cardiovascular events was
higher in the rosiglitazone group, albeit nonsignificantly
(P=0.08), and there was a significant increase in heart
failure in the rosiglitazone group compared with placebo
(Heneghan et al., 2006). The safety of rosiglitazone was
questioned further in a recent meta-analysis which found
that rosiglitazone was associated with a significant increase
in myocardial infarction and an increased risk of death from
cardiovascular causes that approached statistical significance
(Nissen and Wolski, 2007). Forty-two studies of rosiglitazone
vs placebo or other antihyperglycaemic agents of at least 24
weeks duration were included and, overall, rosiglitazone was
associated with a statistically significant 43% increase in risk
for myocardial infarction (odds ratio 1.43; 95% confidence
interval 1.03-1.98; P =0.03) and a nonstatistically significant
increased risk of death from cardiovascular causes (odds ratio
1.64; 95% confidence interval 0.98-2.74; P =0.06). The study
was limited by the small size and short-term nature of some
of the trials included, and the lack of availability of original
source data that prevented the use of more statistically
powerful time-to-event analysis. However, despite the short-
comings of this meta-analysis, concerns have been raised
regarding the use of rosiglitazone in the treatment of type II
diabetes, particularly as alternative agents are available. The
ongoing Rosiglitazone Evaluated for Cardiac Outcomes and
Regulation of glycaemia in Diabetes (RECORD) study should
help to answer these questions regarding the safety of
rosiglitazone when results are available in 2009. Results of
a recent unplanned interim analysis of this trial were
inconclusive with respect to the effect of rosiglitazone on
overall risk of hospitalization or death from cardiovascular
causes (Home et al., 2007).

In contrast, the PROactive study, which monitored
cardiovascular outcomes in type II diabetic subjects at high
risk for cardiovascular events treated with pioglitazone,
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Figure 2 Mechanism of action of TZDs. PPAR-y, peroxisome proliferator-activated receptor-vy; FA, fatty acids; LDL, low density lipoprotein;
HDL, high-density lipoprotein; TNF-o, tumour necrosis factor-o; IRS-2, insulin receptor substrate-2; PAI-1, plasminogen activator inhibitor-1;

CRP, C-reactive protein; TZD, thiazolidinedione.
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showed more encouraging results. In the primary composite
end point of time to first occurrence of all-cause mortality,
myocardial infarction, acute coronary syndrome, stroke, leg
or coronary artery revascularization and amputation above
the ankle, there was a nonsignificant 10% reduction in the
subjects treated with pioglitazone. For the secondary com-
posite end point of time to first occurrence of all-cause
mortality, myocardial infarction or stroke, there was a
statistically significant reduction of 16% in the pioglitazone
group compared to placebo. There was a 3% increase in the
incidence of heart failure in the pioglitazone group but no
difference in fatal heart failure between the two groups
(Dormandy et al., 2005).

The results of these cardiovascular outcome studies are
somewhat disappointing considering that TZDs have a
favourable effect on markers of cardiovascular risk. They
have been shown to reduce blood pressure in both diabetic
and non-diabetic patients (Nolan et al., 1994; Ogihara et al.,
1995) and decrease free fatty acid concentrations (Suter et al.,
1992). They have a beneficial effect on lipid profile with both
pioglitazone and rosiglitazone raising high-density lipopro-
tein cholesterol levels, reducing triglyceride levels and
increasing concentration of large as opposed to more
atherogenic small LDL particles. Pioglitazone compared with
rosiglitazone is associated with significant improvements in
triglycerides, high-density lipoprotein cholesterol, LDL par-
ticle concentration and LDL particle size (Goldberg et al.,
2005).

TZDs have also been shown to reduce clinical measures of
atherosclerosis. Pioglitazone reduces neointimal tissue pro-
liferation after coronary stent implantation in type II
diabetic patients and hence produces a lower rate of
restenosis (Takagi et al., 2003; Choi et al., 2004). Troglitazone
has been shown to reduce the progression of carotid artery
intima-media thickness (CIMT), a known marker for future
cardiovascular events, by 31% compared with placebo in
young women at high risk for type II diabetes (Xiang et al.,
2005; Mazzone et al., 2006). CIMT is a marker of coronary
atherosclerosis, and this parameter was also used in the
recent Carotid Intima-Media Thickness in Atherosclerosis
Using Pioglitazone (CHICAGO) study, which compared the
effects of pioglitazone and glimepiride on CIMT in a racially
diverse population. The investigators found that progression
of CIMT after 18 months was slowed with pioglitazone
compared with glimepiride in patients stratified by age,
gender, systolic blood pressure, duration of diabetes, body
mass index, haemoglobin A1C value and statin use (Mazzone
et al., 2006). Another recent study has shown that rosiglita-
zone may improve plaque stability in symptomatic
patients with carotid disease awaiting carotid endarterectomy
(Marfella et al., 2006). This is thought to be due to a reduction
of ubiquitin-proteasome and nuclear factor-xB activity, which
are involved in the inflammation, proliferation and apopto-
sis, which leads to plaque instability.

It has also been proposed that TZDs reduce cardiac
hypertrophy. This is mediated directly by activation of
PPAR-y, and subsequent inhibition of factors such as
activator protein-1, nuclear factor-xB, endothelin-1, TNF-a
and NO synthase, which are implicated in cardiac hyper-
trophy (Frey and Olson, 2002). Pioglitazone has been
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observed to improve left ventricular diastolic function and
decrease collagen accumulation in the hearts of prediabetic
rats (Tsuji et al., 2001). Other studies have shown that TZDs
reduce tissue injury caused by regional myocardial ischaemia
and reperfusion, and can reduce myocardial infarct size and
improve cardiac contractile function (Zhu et al., 2000; Guo
and Tabrizchi, 2006). This is thought to be due to a reduction
in the formation of proapoptotic molecules such as perox-
ynitrite and inactivation of proapoptotic signalling path-
ways (such as p38 mitogen-activated protein kinase; Liu
et al., 2004). In contrast to these results, Frantz et al. (2004)
showed PPAR-y receptor activation did not improve survival
or left ventricular remodelling in mice with chronic
myocardial infarction. Moreover, this study also showed no
changes in metabolic parameters, inflammation, collagen
deposition or endothelial function in the aorta with PPAR-y
activation. Another study found PPAR-y activation does not
provide myocardial protection in ischaemia and reperfusion
in pigs (Xu et al., 2005). Both troglitazone and pioglitazone
were used in pigs subjected to myocardial ischaemia and
reperfusion. Troglitazone, but not pioglitazone, had a
beneficial effect on myocardial contractile function and
reduced proinflammatory cytokine expression. These pro-
tective effects are thought to be due to the a-tocopherol
moiety of troglitazone, which is not present in pioglitazone.
Clinical end point data will be required to convince
clinicians that the theoretical benefits of TZDs do indeed
translate into improved patient outcomes.

Beyond their actions on the cardiovascular system, TZDs
have been employed to treat other conditions characterised
by insulin resistance (Yki-Jarvinen, 2004). In the polycystic
ovary syndrome, symptoms of hyperandrogenism such as
hirsutism and acne are present along with ovulatory
dysfunction (Knochenhauer et al., 1998). Weight loss and
metformin which both reduce insulin levels have been
shown to improve these symptoms (Iuorno and Nestler,
2001) as have troglitazone and rosiglitazone (Azziz et al.,
2001; Ghazeeri et al., 2003). However, TZDs have not been
licensed for this indication.

Non-alcoholic steatohepatitis, which is associated with
type Il diabetes, has also been successfully treated with TZDs.
It is the most common cause of elevated liver enzymes and
can result in potentially fatal cirrhosis (Clark et al., 2002).
Non-alcoholic steatohepatitis is associated with an insulin-
resistant state, which causes increased lipolysis and delivery
of free fatty acids to the liver. This sensitizes the liver to
metabolic injury leading to necrosis, inflammation and
fibrosis (Promrat et al., 2004). Improvements in liver
aminotransferase levels and histological findings such as
steatosis, ballooning necrosis and inflammation were ob-
served in subjects with impaired glucose tolerance or type II
diabetes and non-alcoholic steatohepatitis treated with
pioglitazone (Belfort et al., 2006). By improving the insulin
sensitivity in adipose tissue, TZDs reduce excessive rates of
lipolysis and substrate supply to the liver. Lower plasma
insulin and glucose levels lead to reduced hepatic lipid
synthesis by decreasing activity of sterol regulatory element-
binding protein 1c and carbohydrate response element-
binding protein (Browning and Horton, 2004). TZDs and
metformin also stimulate AMP-activated protein Kkinase
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which inhibits hepatic lipogenic enzymes (Belfort et al.,
2006).

Lipodystrophy is a condition that is seen with antiretro-
viral therapy in patients with human immunodeficiency
virus and is accompanied by insulin resistance. However, the
effects of TZDs as a treatment are minimal (Arioglu et al.,
2000), despite improving insulin sensitivity and increasing
the subcutaneous fat depot.

Adverse effects of TZDs

A number of side effects are well recognised with the use of
TZDs in clinical practice. Treatment with these agents leads
to weight gain due to expansion of the subcutaneous fat
depot, whereas visceral fat mass remains unchanged or is
reduced (Nesto et al., 2004). Average weight gain is 3-6kg
over the first year which is comparable to that seen with
initiation of insulin (Kendall, 2006).

Fluid retention can also occur and is reported in around
4-6% of patients (Yki-Jarvinen, 2004). At least in part, this
may explain the higher incidence of heart failure reported
with TZD therapy compared with placebo. Ejection fraction
and ventricular end-diastolic volume do not appear to
change with TZD treatment (St John et al., 2002). Oedema
formation is especially common in insulin-treated patients
due to sodium and water retention. TZDs may enhance fluid
retention by increasing sensitivity to insulin (Kalambokis
et al., 2004). As described earlier, they also precipitate sodium
and water retention by upregulating renal tubule sodium
transport proteins and decreasing glomerular filtration rate.
This reduction in glomerular filtration rate may be due to
vasodilatation as a result of endothelial NO production
(Song et al., 2004). PPAR-y is present in the collecting duct, so
activation by TZDs may also stimulate the epithelial sodium
channel directly thereby increasing sodium and water
absorption (Guan et al., 2005). In addition to peripheral
oedema, both pioglitazone and rosiglitazone have also been
reported to cause macular oedema, with resolution and
improvement in vision occurring after drug cessation (Ryan
et al., 2006).

Hepatotoxicity has been observed in studies using trogli-
tazone, which led to its withdrawal from clinical use. This
was thought to be mediated by the troglitazone-quinone
metabolite and its metabolism via CYP 3A4 enzyme system
(Guo and Tabrizchi, 2006). Hepatotoxicity does not appear
to be a class effect—alanine aminotransferase levels more
than 10 times the upper limit of normal were observed in
0.68% of patients taking troglitazone in a total of 13 studies,
compared with none taking rosiglitazone and pioglitazone
(Yki-Jarvinen, 2004).

TZDs appear to have detrimental effects on bone. The
ADOPT study, monitored glycaemic control over 4 years in
type II diabetic patients receiving rosiglitazone, metformin
or glyburide, identified a higher rate of fractures in the group
receiving rosiglitazone (Kahn et al., 2006). More women in
the rosiglitazone group had upper limb fractures involving
the humerus and hand, but the number of men with
fractures did not differ according to the treatment group.
This was an unexpected event that was not part of the
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prespecified analysis plan. These findings were supported by
a more recent study which examined biochemical markers of
bone formation and bone resorption, and bone mineral
density in healthy postmenopausal women prescribed
rosiglitazone or placebo. Osteoblast markers procollagen
type I N-terminal propeptide and osteocalcin decreased
significantly but there was no change in the bone resorption
marker B-C-terminal telopeptide of type I collagen. Total hip
bone density decreased significantly in the rosiglitazone
group. Lumbar spine density was not significantly different
between the groups. The mechanism by which rosiglitazone
alters bone remodelling likely involves direct effects on
osteoblast development and function (Grey et al., 2007).

The future—dual PPAR-a/y agonists

PPAR-y agonists have beneficial effects on markers for
cardiovascular disease in addition to their glucose-lowering
actions. PPAR-o agonists, such as fenofibrate, have more
marked lipid-lowering effects than PPAR-y agonists. Animal
studies have suggested they may also provide protection
against weight gain and enhance insulin-mediated muscle
glucose metabolism (Ljung et al., 2002). The combination of
PPAR-uo and -y effects could therefore offer superior treatment
of insulin resistance and cardioprotection than the indivi-
dual agonists (Willson et al., 2000; Chinetti et al., 2001). Dual
PPAR-u/y agonists are in development at present. Muraglita-
zar, one such novel agent, was found to provide greater
improvements in haemoglobin A1C and lipid parameters
than pioglitazone in patients with type II diabetes (Kendall
et al., 2006). Plasma insulin levels and circulating free fatty
acids were reduced to a greater extent in the muraglitazar
group. However, despite these beneficial effects on cardio-
vascular risk factors, an analysis of muraglitazar trials in 2005
led to approval being withdrawn by the Food and Drug
Administration due to an excess incidence in the composite
end point of death, major adverse cardiovascular events
(myocardial infarction, stroke and transient ischaemic
attack) and congestive heart failure, giving a relative risk
2.23 compared to placebo or pioglitazone (Nissen et al.,
2005).

Conclusion

TZDs are useful agents in the treatment of hyperglycaemia,
acting as insulin sensitisers and enhancing glucose uptake
via their action on PPAR-y receptors. They have been shown
to have additional beneficial effects on surrogate markers of
cardiovascular risk. However, this has not been definitively
shown to translate into improved cardiovascular outcomes
for patients, and the recent meta-analysis by Nissen and
Wolski (2007) raises significant concerns of adverse cardio-
vascular effects of treatment with rosiglitazone. It is also
important to remember that much of the data on these
agents is derived from animal and in vitro studies using
supraphysiological concentrations which may produce dif-
ferent effects to those observed in humans. There are many
actions of genes activated by PPAR-y agonists, only some of



which are currently known, and further research is required
to determine the net clinical benefit of these agents.
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