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Purpose of review

The prevalence of type 2 diabetes globally is reaching epidemic

proportions. Type 2 diabetes is strongly associated with

increased risk of cardiovascular disease. Atherosclerosis is

thought to arise as a result of a chronic inflammatory process

within the arterial wall. Insulin resistance is central to the

pathogenesis of type 2 diabetes and may contribute to

atherogenesis, either directly or through associated risk factors.

The peroxisome proliferator-activated receptor-g agonists, the

thiazolidinediones, pioglitazone and rosiglitazone, are insulin

sensitizing agents, that are licensed for the management of

hyperglycaemia. Growing evidence supports an array of

additional effects of thiazolidinedione therapy, both

immunomodulatory and antiinflammatory, which may attenuate

atherogenesis in type 2 diabetes.

Recent findings

Studies have shown that thiazolidinedione therapy may lead to

risk factor modulation in type 2 diabetes. Thiazolidinediones

treatment has been shown to reduce blood pressure, modify the

atherogenic lipid profile associated with type 2 diabetes, reduce

microalbuminuria and ameliorate the prothrombotic diathesis.

Further evidence suggests that thiazolidinediones therapy

inhibits the inflammatory processes which may be involved in

atherosclerotic plaque initiation, propagation and destabilization.

Summary

Modification of insulin resistance by thiazolidinedione therapy in

type 2 diabetes and the range of pleiotropic effects may not only

impact on incident type 2 diabetes, but also on associated

cardiovascular disease. Numerous large clinical endpoint

studies are under way to investigate these issues.
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Introduction
Type 2 diabetes (T2D) confers an increased risk of

cardiovascular disease of two to four times that of the

general population [1,2]. The UK Prospective Diabetes

Study confirmed a significant prevalence of cardiovas-

cular disease at diagnosis of T2D [3]. Insulin resistance

and b-cell dysfunction are central to the pathogenesis

and progression of T2D. Insulin resistance is an

independent predictor of the disease [4], and also

independently associates with cardiovascular disease in

T2D [5 ..]. Insulin resistance is a cardinal feature of the

metabolic syndrome, and T2D patients with insulin

resistance have a pro-atherogenic cardiovascular risk

profile [6].

Treatment of insulin resistance thus represents an

important target with respect to reducing the incidence

of T2D, together with cardiovascular disease risk

reduction. Metformin exerts modest insulin sensitizing

effects, metformin monotherapy in the UK Prospective

Diabetes Study demonstrating significant benefits on

cardiovascular outcome [7].

Furthermore, metformin therapy has beneficial effects

on markers of cardiovascular risk, but the mechanisms by

which metformin may influence atherogenesis are not

fully elucidated [8.].

Peroxisome proliferator-activated receptor (PPAR)g is a

nuclear receptor with a pivotal role in cell metabolism, in

particular in relation to adipogenesis and lipid metabo-

lism [9]. The thiazolidinediones, pioglitazone (Takeda)

and rosiglitazone (GlaxoSmithKline), are PPARg agonists
currently licensed for the management of hyperglycae-

mia in T2D. Troglitazone, the first thiazolidinedione

made available to world markets, has been withdrawn

due to reports of hepatic toxicity. The thiazolidinediones

improve insulin sensitivity by complex mechanisms, and
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facilitate glucose disposal primarily by enhanced glucose

uptake in subcutaneous adipose tissue [10..].

Insulin resistance can be decreased by 78% by

thiazolidinedione treatment [11]. Consequently, thiazo-

lidinediones may improve cardiovascular risk through

beneficial effects on insulin resistance, and modification

of associated risk factors. In particular, atherosclerosis is

increasingly recognised as an inflammatory diathesis [12],

and considerable interest has been generated by the

observations that PPARg activation may modulate the

inflammatory process.

Atherogenesis is believed to be initiated by passage of

lipid through the vascular endothelium, and deposition

in the arterial intima, where it stimulates an inflamma-

tory response. The subsequent immune response,

monocyte chemotaxis, T-cell activation and vascular

smooth muscle cell migration, forms the fundamental

lesion of atherosclerosis: the atherosclerotic plaque.

Destabilization of this lesion relates to an ongoing

inflammatory diathesis, causing acute thrombosis, and

resulting in clinical cardiovascular events.

The antiinflammatory properties of thiazolidinediones,

in addition to their metabolic effects, may confer further

cardiovascular benefits. At present there is a lack of

definitive outcome evidence to support this hypothesis,

although large, endpoint studies are under way. There is,

however, considerable experimental data, and small

clinical studies, to support the cardiovascular benefits

of thiazolidinedione therapy.

Peroxisome proliferator-activated receptor-g
vascular effects
In the context of insulin resistance and T2D, dyslipi-

daemia is characterized by modification of plasma lipids,

mainly through the processes of oxidation and glycation.

Thus, the predominant lipoprotein moiety involved in

the initiation of atherogenesis is likely to be modified.

The inflammatory response initiated by these modified

lipids, considered to be a consequence of nuclear factor

kb activation, leads to the increased expression of

vascular cell adhesion molecule-1 (VCAM-1) on the

overlying endothelial cells [13]. Together with increased

expression of intercellular adhesion molecule-1, this

leads to monocyte and T-lymphocyte recruitment to

the vascular wall. PPARg agonists have been shown to

reduce endothelial expression of VCAM-1 [14] and

intercellular adhesion molecule-1 [15], on activated

endothelium. Thus, PPARg agonists, through modulat-

ing inflammation, may influence the early stages of

atherosclerosis.

Once the monocyte is adherent to the endothelial wall a

sequence of events causes its diapedeses through the

endothelium. This process occurs along a gradient of

chemoattractant cytokines, which facilitate recruitment

of leukocytes into the intima. One of these chemokines,

monocyte chemoattractant protein-1, is overexpressed in

developing atheromatous plaques, and plays a role in

leukocyte recruitment [16]. Other candidates for the role

of chemoattractants in atherogenesis are interleukin-8,

and the CXC chemokines induced by interferon-g. It
was recently demonstrated that pioglitazone has direct

antiinflammatory effects in a rat model of atherosclerosis

via interference with monocyte chemoattractant protein-

1, and its monocyte receptor, CCR2 [17 .]. A rat model of

long-term inibition of nitric oxide synthesis was used in

this study, and with a pioglitazone dose equivalent to

that in humans the investigators demonstrated signifi-

cantly decreased levels of CCR2 in lesional and

circulating monocytes. The reduced signalling between

monocyte chemoattractant protein-1 and CCR2 may

explain the reduced entry of monocyte/macrophages into

the intima, and the observed reduction in coronary

atherosclerosis in this study. These data are in accor-

dance with those from a similar study in a mouse model

of atherosclerosis, using rosiglitazone [18].

T lymphocytes also bind to VCAM-1, and atherosclerotic

plaques are associated with large numbers of activated

T-cells [19–21]. Major histocompatibility complex class

II molecules are involved in antigen presentation to T

lymphocytes thus provoking an immune response. The

histocompatibility complex molecules are expressed in

endothelial cells, macrophages and vascular smooth

muscle cells (VSMCs) in proximity to activated T

lymphocytes in the atherosclerotic plaque [22,23].

PPARg ligands have been demonstrated to downregulate

major histocompatibility complex class II expression,

induced by interferon-g, in atheroma-associated cells

[24 .]. This may result in suppression of CD4+ T

lymphocyte activation and proliferation in the athero-

sclerotic plaque, thus attenuating the immune response

to modified lipids in the arterial intima.

As monocytes enter the intima they undergo transforma-

tion into macrophages. Macrophages take up lipid

deposited in the intima via a number of receptors,

including scavenger receptor-A, and CD 36. Scavenger

receptors are not subject to negative control by lipids,

and hence the macrophage may become lipid saturated,

forming the ‘foam cell’. Foam cells may play a pivotal

role in atherogenesis, secreting reactive oxygen species,

inflammatory cytokines, matrix metalloproteinases

(MMPs) and tissue factor into the local matrix.

PPARg is upregulated in activated macrophages [25,26],

while PPARg agonists have been shown to attenuate the

inflammatory response in activated monocytes and

macrophages. Thus activation of PPARg receptors in
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macrophages within the arterial intima may reduce

cytokine production, limiting the local inflammatory

response, hence arresting atherogenesis.

However, subsequent work has cast a different light on

the role of PPARg in the developing atherosclerotic

plaque. Oxidized LDL, and macrophage colony stimu-

lating factor have been shown to induce expression of

PPARg [27]. Moreover, PPARg activation stimulates

binding and uptake of oxidized LDL, and facilitates its

entry into the cell by upregulating transcription at the

gene encoding for the CD36 receptor [28]. Thus PPARg
activation by ligands such as oxidized LDL could be

driving the inflammatory process. Furthermore, given

that PPARg agonism by oxidized LDL stimulates CD36,

a means by which oxidized LDL enters the cell, then

theoretically a feedforward loop may be created.

However, Chawla et al. [29] showed that PPARg agonism
may upregulate the cholesterol efflux pathway involving

the ATP-binding cassette protein A1 [29]. Thus PPARg
activation may stimulate the means of influx, and efflux,

of lipid from the macrophage, and not favour foam cell

formation. Theoretically, therefore, there may be a

synergistic role for thiazolidinediones and novel ATP-

binding cassette transporter protein A1 lipid modifying

drugs under development.

Plaque progression
Plaque progression occurs with the recruitment of

VSMCs from the media to the intima. VSMCs contribute

to the formation of a fibrous cap, rich in collagen fibrils

overlying the conglomeration of foam cells. Some foam

cells may undergo apoptosis, leading to the formation of

a lipid rich core within the lesion. Small vessels may be

stimulated to grow into the lesion providing it with its

own blood supply. It is thought that further plaque

progression is dynamic, occurring by one of three

processes: (1) endothelial cell injury and exposure of

collagen and von Willebrand factor to the systemic

circulation; (2) disruption of the vascular supply within

the plaque leading to haemorrhage and release of potent

growth factors and other blood-borne contents; and (3)

rupture of the fibrous cap overlying the lesion and

exposure of the thrombogenic contents of the lipid-rich

core to the systemic circulation.

PPARg agonists have been shown to inhibit tube

formation induced by vascular endothelial growth

factor in vitro and in vivo [30]. They thereby reduce

the possibility of intra-lesional micro-haemorrhage from

these friable vessels, which may be potent stimulators

of plaque extension, through the release of such

growth factors as thrombin, platelet derived growth

factor and transforming growth factor-b, a potent

stimulus of extracellular matrix production by VSMCs.

Thus PPARg activation may inhibit plaque progres-

sion.

PPARg receptors have been identified in VSMCs at the

site of atherosclerotic plaques, and current evidence

suggests that PPARg agonists may inhibit VSMC

migration and proliferation [31]. This group used

troglitazone and rosiglitazone, in human VSMCs, and

demonstrated inhibition of platelet derived growth

factor-induced VSMC migration. These data are con-

sistent with previous studies with troglitazone in rat

VSMCs [32].

The activity of MMPs has engendered much interest in

recent years, especially in relation to atherosclerotic

plaque stability. The MMPs are secreted from vascular

cells and play an important part in the degradation of

extracellular matrix. The action of MMPs is antagonized

by the tissue inhibitors of metalloproteinases 1 and 2. It

is known that MMPs co-localize in the shoulder regions

of atherosclerotic plaques (the area where the fibrous cap

meets vascular endothelium), as well as in the plaque

core and microvasculature [33]. It is the uncontrolled

activity of MMPs, particularly at the shoulder regions of

the plaque, which may weaken the structure of the

fibrous cap, creating a lesion prone to rupture. MMP-9,

also known as gelatinase B, appears particularly im-

portant in migration of VSMCs after arterial injury.

Clinical studies of rosiglitazone treatment in T2D

patients have demonstrated a reduction in serum

concentrations of MMP-9 [34,35]. Troglitazone has been

shown to suppress MMP-9 expression, and gelatinase

activity in human VSMCs [36], and also in human

macrophages [37]. PPARg agonists, in the first study at

least, did not have any effect on tissue inhibitor of

metalloproteinase expression, thus favouring the pre-

servation of the extracellular matrix, maintaining arterial

structure, inhibiting migration of VSMCs, and possible

stabilization of the atherosclerotic lesion.

Clinical evidence
The potential clinical benefits of these effects on VSMC

proliferation were recently illustrated by Choi et al.
[38 ..]. Coronary artery stent restenosis rates are sig-

nificantly higher in T2D patients than in non-T2D

subjects. This study assessed the degree of restenosis

after coronary artery stent insertion in 100 T2D patients,

45 of whom had rosiglitazone in addition to their pre-

study medication. A significant reduction in stent rest-

enosis was seen in the rosiglitazone treated patients,

along with significantly reduced high-sensitivity C-

reactive protein (CRP) levels, independent of glycaemic

control. The effect of rosiglitazone treatment in this

study may thus be a manifestation of its antiinflamma-

tory effects in the vessel wall. These data may provide

support for the potential benefits of thiazolidinedione
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therapy in the ongoing Bypass Angioplasty Revascular-

isation Investigation 2 Diabetes (BARI-2D) study [39].

Thiazolidinedione therapy with rosiglitazone for 26

weeks in T2D has been shown to reduce serum levels

of MMP-9 and CRP [34], which may reflect a direct

antiinflammatory effect on the vascular endothelium, or

metabolic effects. Since raised CRP levels are now

recognized in association with increased cardiovascular

risk [40.], the effects of thiazolidinedione therapy on

CRP suggest potential cardiovascular benefits of the

treatment. However the effects of CRP lowering on

cardiovascular outcome have yet to be elucidated.

Carotid intimal thickness is a surrogate marker of

atherosclerotic risk, and has been linked to incidence

and prevalence of coronary heart disease [41–45] and

stroke [42,44,45]. Pioglitazone therapy of 6 months’

duration has been shown to significantly reduce carotid

intima thickness in the treatment of T2D [46], further

suggesting the inhibitory potential of T2D on athero-

sclerosis.

Endothelial dysfunction is an early, potentially rever-

sible event in the development of cardiovascular

disease [47]. Endothelial dysfunction may facilitate

the passage of lipid through the vascular wall into the

intimal space, which is thought to be one of the

earliest stages in the development of atherosclerosis

[48]. Troglitazone in a number of small studies has

been shown to reverse endothelial dysfunction in T2D

[49,50]; and rosiglitazone, in a small study of 93

patients randomized to placebo, metformin or rosigli-

tazone, was shown to improve endothelial dysfunction

[51]. Furthermore, treatment with troglitazone has

reversed the endothelial dysfunction associated with

the polycystic ovarian syndrome [52], an insulin

resistant state.

Microalbuminuria is an indicator of incipient diabetic

nephropathy in T2D [53], but increasingly is being seen

as a potent, early indicator of cardiovascular disease

[54,55]. It has been shown that rosiglitazone produces a

significant, sustained reduction in microalbuminuria,

independent of glycaemic control, when compared with

the sulphonylurea glyburide [56..]. Improvements in

microalbuminuria occurred in patients without overt

microalbuminuria, and in those with established micro-

albuminuria. These effects may relate to both the blood

pressure lowering properties of thiazolidinediones as

well as potential effects on vascular function. Small

numbers of patients (n = 203) were involved in this open-

labelled study, designed as a cardiac safety study, but

the results suggest that PPARg agonists have sustained,

beneficial effects on the vasculature and endothelial cell

function.

Blood pressure lowering has been demonstrated in

mammalian models of diabetes treated with PPARg
agonists [57]. Both pioglitazone and rosiglitazone were

found to lower angiotensin II induced hypertension,

reduce markers of inflammation, correct structural

abnormalities in the vessel wall, and improve endothelial

function in a rat model of hypertension. Modest effects

on blood pressure with thiazolidinedione treatment in

humans have been described, as evidenced by a superior

reduction in diastolic blood pressure with rosiglitazone as

compared with glyburide [58]. The blood pressure

lowering effects of thiazolidinediones in humans require

further studies to elaborate on these data.

Endothelin-1 is a potent vasoconstrictor, as well as a

mediator of smooth muscle mitogenesis, and thus a

determinant of systemic blood pressure [59]. Thiazoli-

dinedione treatment has been shown to attenuate the

release of endothelin-1 from bovine vascular cells, which

may contribute to the observed blood pressure lowering

effect with these drugs [60]. Coupled with this is the

modest blood pressure lowering effect demonstrated in a

rat model of hypertension [61]. Rosiglitazone in this

study suppressed endothelin-1 production, reduced

markers of inflammation, and improved endothelial

function.

Acute thrombosis, for instance during plaque rupture in a

coronary artery leading to myocardial infarction, might,

in part, be due to an imbalance of pro and anti-

thrombotic factors in plasma. Plasminogen activator

inhibitor type 1 (PAI-1) inactivates tissue plasminogen

activator in plasma, thus creating a pro-thrombotic

milieu. PAI-1 levels are increased in insulin resistance

and T2D [62], and elevated PAI-1 levels have been

linked to an increased risk of myocardial infarction [63].

In human vein endothelial cells, cultured with tumour

necrosis factor-a to induce elevation of PAI-1, pioglita-

zone reduces PAI-1 levels [64], as does rosiglitazone

[65]. Thiazolidinedione therapy may redress the balance

of the coagulation system in favour of thrombolysis,

normalizing the pro-thrombotic milieu observed in the

metabolic syndrome.

The typical lipid profile of T2D is characterized by low

HDL, hypertriglyceridaemia, and the generation of

atherogenic, small, dense LDL-cholesterol particles,

which are prone to oxidation and glycation [66]. Data

on file from Takeda show that a 30 mg dose of

pioglitazone for 26 weeks results in triglyceride lowering

of 9.6%, an HDL increase of 12%, and a neutral effect on

LDL and total cholesterol (pioglitazone data sheet). Data

for rosiglitazone, in combination with metformin at a dose

of 8 mg for 26 weeks, showed an HDL increase of 13.3%,

LDL increase of 18.6% and a neutral effect on total

cholesterol and the total cholesterol to HDL ratio [67].
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Low HDL cholesterol is increasingly recognized as a

cardiovascular risk factor at any given level of total

cholesterol or LDL-C [68]. The Veterans Affairs High-

Density Lipoprotein Intervention Trial (VA-HIT) de-

monstrated an 11% risk reduction in coronary heart

disease events with each 0.13 mmol/l increase in HDL

[69]. Thus the HDL elevating properties of thiazolidi-

nediones therapy may further add to their putative

cardiovascular benefits.

In a study comparing the thiazolidinediones in patients

taken off troglitazone, treatment with rosiglitazone and

pioglitazone increased HDL levels by approximately 2%

[70]. This study also suggested that rosiglitazone and

pioglitazone altered lipoprotein metabolism, with trigly-

ceride depletion of lipoprotein resulting in the genera-

tion of larger less dense particles. This was confirmed in

recent data [71].

Since triglyceride-rich lipoprotein particles, in particular

small, dense LDL cholesterol, are associated with

increased cardiovascular risk, endothelial dysfunction,

enhanced inflammation and oxidative stress, the lipo-

protein effects of the thiazolidinediones may account for

potential cardiovascular benefits, as well as contributing

to the suggested anti-inflammatory effects.

However, two important features of the lipid effects of

the thiazolidinediones must be considered. Firstly,

there are no clear data relating to the differential

effects of rosiglitazone versus pioglitazone on lipid

metabolism. It is possible that differences in PPARg
binding domain activity, or differential PPARg activa-

tion, may result in differing effects of the thiazolidi-

nediones on plasma lipoproteins. Direct comparative

studies are however required to evaluate these issues.

Secondly, no long-term clinical study data are avail-

able to assess the lipid effects of the thiazolidine-

diones, and thus the effects on long-term

cardiovascular risk are unclear.

Conclusion
Thiazolidinedione therapy appears to result in a variety

of effects independent of blood glucose lowering which

may have the potential to revolutionize cardiovascular

risk management in T2D. Although there are consider-

able experimental data supporting the cardiovascular

benefits of thiazolidinediones, there is at present a

shortage of clinical outcome data. A number of large

randomized studies are under way to evaluate this theme

including PROACTIVE (Prospective Pioglitazone Clin-

ical Trial in Macrovascular Events), RECORD (Rosigli-

tazone evaluated for cardiac outcomes and regulation of

glycaemia in diabetes), ADOPT (A diabetes outcomes

progression trial), ACCORD (Action to control cardio-

vascular risk in diabetes), PPAR (PPARg agonists for the

prevention of late adverse events following percutaneous

revascularisation), and BARI-2D.

The thiazolidinediones, by improving insulin sensitivity,

along with the additional pleiotropic effects, in particular

immunomodulatory and antiinflammatory, may have a

powerful impact on the cardiovascular disease burden

associated with T2D.
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