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Introduction 
A global epidemic of diabetes mellitus (DM) has emerged, with the World Health 

Organization (WHO) estimating that there will be more than 300 million people with diabetes 
worldwide by the year 2025, more than doubling the estimated 1995 prevalence.1 Moreover, as 
many as one-half of the patients with type 2 DM, which represents over 90% ofDM worldwide, 
remain undiagnosed, 2' 

3 and these estimates do not take into account individuals who have 
impaired glucose tolerance (IGT), the metabolic forerunner to diabetes. 

Cardiovascular disease (CVD) is the most common complication of type 2 diabetes 
mellitus, accounting for approximately 80% of deaths.4 Therefore, it is imperative to consider 
cardiovascular risk modification as a primary focus for the treatment of the patient with diabetes 
both in terms of clinical decision making and therapeutic drug development. This review 
summarizes the published observations with regard to the effects of the thiazolidinedione (TZD) 
class of medications on a number of pre-clinical and clinical measures of atherosclerotic 
cardiovascular disease and the potential for these drugs to influence cardiovascular outcomes 
among patients with type 2 DM, a hypothesis presently being tested in a number of ongoing 
randomized clinical trials. 

Thiazolidinediones 
The TZD class of drugs, which includes troglitazone (Rezulin®), rosiglitazone 

(Avandia®), and pioglitazone (Actos®), has emerged as a safe and effective treatment of 
hyperglycemia associated with type 2 DM, alone or in combination with other oral hypoglycemic 
medications, and with insulin. The TZD medications were identified in a compound-screening 
program for lipid lowering agents. They share structural homology to fibric acid derivatives, 
which are agonists of the PP ARa receptor. In animal models, while the TZDs had only modest 
effects on lipid parameters, they were noted to have unexpected glucose lowering effects, an 
observation that led to subsequent development and ultimately regulatory approval for the 
treatment of type 2 diabetes with little understanding of their mechanism of action. Troglitazone 
was approved for clinical use in the US in 1994, and pioglitazone and rosiglitazone in 1997; 
troglitazone was withdrawn from the market in 1997 due to hepatotoxicity. 

During the mid 1990's, the TZDs were discovered to be potent and selective agonists for 
one of the Peroxisome Proliferator-Activated Receptors (PPARs).5 6 The PPARs, which include 
PPARa, PPARy, and PPAR8 (sometimes referred to as PPARf3), are members of the nuclear 
hormone receptor superfamily of ligand-activated transcription factors, which also includes the 
retinoic acid receptor (RXR), the steroid hormone receptors, and thyroid hormone receptors.7 As 
depicted in Figure 1, interaction of PPARy with agonist ligands, both natural and synthetic, 
induces receptor binding to DNA response elements (PPAR-response element; PPRE),8 and 
coordinately regulates a number of physiologic actions through transcriptional regulation, with 
effects primarily involving adipogenesis, glucose and lipid metabolism. 7 
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Figure 1. Molecular mechanisms of biologic responses of thiazolidinediones. Peroxisome
proliferator-activated receptor y (PP ARy) is a transcription factor activated by thiazolidinediones 
(TZDs). In transactivation, which is DNA-dependent, PPARy forms a heterodimer with the retinoid 
X receptor (RXR) and recognizes specific DNA response elements called PP AR response elements 
(PPRE) in the promoter region of target genes. This results ultimately in transcription ofPPARy 
target genes. After ligand binding, PP ARs undergo conformational changes, which lead to 
recruitment of cofactor proteins and coactivators. The coactivators interact with nuclear receptors in 
a ligand-dependent way and influence the set of genes transcribed. In transrepression, PP ARs can 
repress gene transcription by negatively interfering with other signal-transduction pathways, such 
as the nuclear factor-KB (NF-KB) signaling pathway, in a DNA-binding-independent manner. 
STAT denotes signal transducers and activators of transcription, ISGR-RE interferon-stimulated 
gene factor responsive element, and TRE TPA responsive element, where TPA is a phorbol ester. 
(Reproduced directly from Ref #8) 

Since their FDA approval in 1997, the 2 presently available TZDs have quickly become 
among the most widely prescribed medications for the treatment of hyperglycemia associated 
with diabetes, accounting for over 20% of prescriptions for oral hypoglycemic medications in the 
US. Data are rapidly emerging that suggest diverse effects of the TZDs on a number of 
intermediate biomarkers and risk factors associated with cardiovascular disease (Table 1 ), 
including effects on conventional cardiovascular risk factors such as dyslipidemia and 
hypertension. In addition, TZDs have been demonstrated to modulate endothelial reactivity, the 
inflammatory cascade, and attenuate the progression of carotid vascular disease and restenosis 
following percutaneous coronary interventions; and most recently, data have become available 
regarding their effects on cardiovascular clinical outcomes. 
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Table 1. Summary of the effects of thiazolidinediones on intermediate biomarkers of 
cardiovascular risk. 
Lipids Inflammation 

Coagulation 

Vascular Effects 

Lipid metabolism 

-l-li Triglycerides 

i HOL-e and LDL-c 
t Buoyancy of LDL 
particles 

J. PAI-1 
J. Fibrinogen 
J. Platelet aggregation 

J. Blood Pressure 
J. Intimal-media 
thickness 
i Brachial Artery 
Reactivity 
t Coronary Flow 

Ventricular 
Performance 

Fat Distribution 

J. IL-6, TNF-a., 
J. hs-CRP, MMP-9 
..1.1-CAM; V-CAM 
J. MCP-1, J.sCD40L 

i f- Systolic Function 
i/- Cardiac Output 
J.t- LVH 
t Diastolic Function 
J. Infarct size 

i Total body fat 
J. Visceral fat 

i Subcutaneous fat 

Reserve Other 
~--------------~----------------i Vascular i Intravascular 

Permeability Volume 
J. Smooth Muscle Cell J. Microalbuminuria 
Migration & 
Proliferation 

Dyslipidemia is common among patients with diabetes, characterized by high 
triglycerides, low HDL cholesterol, and modest elevations of LDL cholesterol with increased 
fractions of small, dense LDL particles with associated increased LDL particle concentration, all 
of which are associated with increased cardiovascular risk.9 In a meta-analysis of studies 
independently assessing the lipoprotein effects of rosiglitazone and pioglitazone versus placebo, 
both drugs were associated with increases in HDL and LDL cholesterol concentrations and 
decreases in triglyceride concentrations. 10 
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In a more recent randomized controlled trial comparing pioglitazone head-to-head with 
rosiglitazone, pioglitazone had superior effects on all reported lipoprotein parameters in the 
setting of identical levels of glycemic control achieved in both treatment groups (Figure 2). 11 

This study included 735 
patients with type 2 diabetes 
and dyslipidemia randomized 
to treatment with pioglitazone 
(30mg titrated to 45mg daily) 
versus rosiglitazone ( 4mg 
titrated to 8mg daily) for a total 
of 24 weeks. As summarized in 
Figure 2, pioglitazone was 
associated with a 12% decrease 
in triglycerides, compared with 

Change from 
Baseline 

(%) 

30 

20 

10 

0 

-10 

-20 
a 14.9% increase with 
rosiglitazone (p<O.OOl), and 

TG HDL non HDL Apo B LDL 

both drugs increased HDL 
cholesterol, with a greater 
increase associated with 
pioglitazone (14.9 vs. 7.8%; p<0.001). 
Both drugs raised LDL cholesterol mass, 
with less increase associated with 
pioglitazone (15.7 vs. 23.3%; p=0.002). 
However, due to a greater shift in LDL 
particle size from small dense to large 
buoyant particles associated with 
pioglitazone, pioglitazone decreased and 
rosiglitazone increased LDL particle 
concentration (Figure 3). 

A major limitation ofthis study, 
however, was the protocol exclusion of 
concomitant statin use, which is presently 
recommended for patients with type 2 
diabetes at increased cardiovascular risk 
independent of LDL cholesterol. 
Therefore, the generalizability of the 
findings remain uncertain, but the 
observations do emphasize differences in 
pharmacodynamic effects of the 2 drugs. 
The mechanism of the effects on 
lipoprotein profiles remain unclear, but 
given the identical glucose control 
achieved in both groups, 11 it appears 
that the lipid effects of the TZDs extend 
beyond secondary effects from 
glycemic modulation. 

Figure 2. Effects on selected lipoprotein parameters of 
pioglitazone versus rosiglitazone.(Ref 11) 
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Figure 3. Comparison of mean LDL particle 
concentration (A) and particle size (B) at baseline 
and end point (24 weeks) for patients treated with 
pioglitazone (PIO) and rosiglitazone (ROSI). (Ref 
111 
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Emerging evidence suggests that activity of lipoprotein lipase (LPL ), which is regulated 
by the thiazolidinediones medications, plays a key role in the generation of endogenous ligands 
to PP ARa. 12 Although the thiazolidinediones have been demonstrated to be selective and 
specific agonists of PP ARy with little to no direct cross-reactivity with PP ARa, the possibility 
remains that the TZDs indirectly agonize PP ARa via LPL activation and endogenous generation 
ofPPARa ligands. This hypothetical mechanism may account for some ofthe observed effects 
of the TZDs on lipoprotein profiles, especially the effects on triglycerides and HDL cholesterol. 
We are exploring this hypothesis in an 
ongoing project partnering with Dr. Jorge 
Plutzky at the Harvard Medical School, a 
collaboration formulated within the Donald 
W. Reynolds Cardiovascular Clinical 
Research Center network In our blinded 
placebo-controlled study, we are 
randomizing 150 subjects with type 2 
diabetes and increased cardiovascular risk to 
receive rosiglitazone versus placebo added to 
existing therapies, to be treated for 6 months. 
Dr. Plutzky will analyze plasma samples at 
baseline (before study drug) and at the end of 
the treatment period to determine the 
presence of endogenous ligands of PP ARa 
using an ex vivo biologic ligand binding 
domain (LBD) assay comprised of 
endothelial cells co-transfected with 
PP ARa-LBD and a luciferase reporter 
response element (Figure 4). 

Hypertension 

Human cell 

Figure 4. Schematic of an ex vivo biologic ligand 
binding domain (LBD) assay comprised of 
endothelial cells co-transfected with PP ARa-LBD 
and a luciferase reporter response element 

Thiazolidinediones attenuate the development of hypertension and attenuate the pressor 
. hr. d . . II . . 1 d 1 13 14 15 16 Th h . f response to norepmep me an ang10tensm m an1ma mo e s. ' ' ' e mec amsm o 

these observations remains unclear, but appears to be independent of insulin sensitization and 
PPARy agonism, and may be related to blockade of voltage-gated (L-type) calcium channels, the 
target of action of dihydropyridine calcium-channel blockers, a property of all TZDs. 16 The 
TZDs also increase expression of vascular endothelial growth factor (VEGF) and inhibit 
expression of endothelin (ET)-1, 17 both of which may contribute to the favorable influence on 
blood pressure. In patients with diabetes with or without hypertension, TZDs have been shown to 
reduce blood pressure, although the changes tend to be modest (1-3mmHg). 10

' 
18 For example, in 

a randomized double-blind study comparing pioglitazone versus placebo in 60 non-diabetic 
hypertensive patients, treatment with pioglitazone was associated with a placebo-subtracted 
reduction of systolic pressure by 3.6mmHg (not significant) and diastolic pressure by 6.1mmHg 
(p=0.02). 19 
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Vascular Effects 

Endothelial Function 
Endothelial d~sfunction, felt to be a precursor to atherosclerotic disease, is favorably 

affected by TZDs.20
' 

1 One proposed mechanism for this observation involves augmentation of 
insulin-dependent endothelial nitric-oxide ( eNO) release resulting in enhanced endothelium
dependent vasodilation.22

' 
23 Support for this theory comes from experimental data showing 

increase in ex vivo bovine aortic endothelial cell eNO production with trog1itazone treatment/0 

and improved vascular reactivity in vitro and in vivo with piogLitazone exposure?3 

In controlled human studies, troglitazone increased forearm blood flow in response to 
acetylcholine in patients with recently diagnosed type 2 DM/4 and rosiglitazone improved flow
mediated brachial artery dilation and blood flow in men with coronary disease but without 
diabetes.25 In the coronary circulation, rosiglitazone improved flow reserve in response to cold
pressor stimulus (endothelial-dependent) and adenosine infusion (endothelium-independent) in 
patients with diabetes,26 and troglitazone and rosiglitazone had similar effects among patients 
with insulin resistance but without diabetes.27 

Inflammation 
Data continue to accumulate supporting a potential causal relationship between 

inflammation and the development and progression of atherosclerosis.28 The TZDs inhibit the 
initial inflammatory cascade in ex vivo preparations of human endothelial cells, 29

' 
30 and inhibit 

the expression of adhesion molecules on endothelial cells. 31
• TZDs also exhibit direct effects on 

monocytes/macrophages with reduced expression of inflammatory cytokines, such as TNFa, IL
l, and IL-6.32 In human studies, TZDs decrease a number of circulating markers of 
inflammation, including TNFa, high sensitivity C-reactive protein (hs-CRP), monocyte
chemoattractant protein (MCP)-1, matrix metalloproteinase (MMP)-9, soluble CD40 ligand, and 
white blood cell count.33

-
35 

Insulin resistance is associated with increased measures of systemic inflammation, most 
commonly, elevated levels of hs-CRP. 36 One mechanism by which this may occur is the direct 
inflammatory response due to ectopic deposition of triglyceride in the liver, or steatohepatosis, 
that is associated with insulin resistance with or without concomitant obesity.37

' 
38 Several studies 

have demonstrated a favorable effect of both rosiglitazone and pioglitazone (but not metformin) 
on quantitative liver fat in patients with type 2 DM, with 40-50% reductions observed.39

-
42 

However, none of these studies reported measures of systemic inflammation. In the recently 
reported PROactive study (discussed below), treatment with pioglitazone compared with placebo 
was associated with significant reductions in AL T measurements, providing indirect evidence of 
favorable effects on steatohepatosis, but no direct measures of liver fat or of inflammatory 
markers were performed. 18 We are exploring this hypothesis in our placebo-controlled study of 
rosiglitazone among 150 patients with type 2 DM at increased cardiovascular risk treated for 6 
months. We will be assessing liver function tests and hs-CRP in all subjects, and assessing 
hepatic triglyceride content using 1H-NMR in a random subset of about 1/2 of the subjects. 

In summary, the TZDs have anti-inflammatory effects, but the mechanism(s) responsible 
and the net resulting effect on atherosclerosis disease development and clinical manifestations 
remains to be defined. 
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Atherosclerosis Development and Progression 
In ex vivo preparations of animal and human vascular smooth muscle and endothelial 

cells, TZDs are potent inhibitors of smooth muscle cell migration and proliferation, an important 
contributor to atherosclerosis and restenosis after PCI.43

' 
44 In the LDL receptor null mouse 

model of atherosclerosis, troglitazone and rosiglitazone attenuated aortic atherosclerotic disease 
progression in both high-fat and high-fructose fed animals.45

• 
46 

In the clinical setting, troglitazone, pioglitazone and rosiglitazone have all been shown to 
retard or reverse progression of carotid intimal medja thickness (IMT) in ruabetic and non
diabetic patients (Table 2),47

-
50 and to decrease angiographic restenosis following percutaneous 

coronruy intervention. 51
-
53 Therefore, the accumulated data from animal and human 

investigations provide strong support for the potential efficacy of the TZDs on atherosclerotic 
disease development and progression and on cardiovascular risk modification among patients 
with type 2 DM. 

Table 2. Summary of randomized controlled studies assessing the effects of 
thiazolidinediones on progression/regression of carotid intimal medial thickness. 

Study (year) 

Minamikawal 
(1998) 

Koshiyama 
(2001) 

Sidhu 
(2004) 

Langenfeld 
(2005) 

Treatments 

Troglitazone 400 mg 
Usual care 

Pioglitazone 30 mg 
Usual care 

Rosiglitazone 8 mg 
Placebo 

Pioglitazone 45 mg 
Glimepiride 2.7 mg 

Cardiovascular Clinical Outcomes Trials 

Patients (n) 
duration 

Type 2 diabetes 
(n=135) 
6mos 

Type 2 diabetes 
(n = 106) 
6 mos 

Stable CAD 
(n = 92) 
12 mos 

Type 2 diabetes 
(n = 173) 
6mos 

A IMT (mm) 
t o.oao, troglitazone 
1'0 .027, usual care 
p < 0.001 

t 0.084, troglitazone 
t o.022. usual care 
p < 0.001 

.i-0.012, rosiglitazone 
t o.0031, placebo 
p = 0.03 

t 0.054, ploglitazone 
-l-0.011. glimepiride 
p < 0.001 

Based on the accumulated data suggesting potential direct cardiovascular benefits of the 
TZDs that likely extend beyond their effect on glucose regulation, a number of large-scale 
randomized trials have been initiated to assess the effect of rosiglitazone and pioglitazone on 
major adverse cardiovascular clinical outcomes (Table 3). While most of these studies are 2-4 
years from completion, the PROactive study results were recently reported, the first large-scale 
randomized cardiovascular clinical outcomes study evaluating the effect of a thiazolidinedione 
compared with placebo on major adverse cardiovascular outcomes. 18 
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Table 3. Summary of large-scale randomized controlled clinical trials underway or 
completed evaluating the effect of thiazolidinediones on major clinical outcomes. 

Study Rx N Duration 1° Endpoint 

PROactive Pio vs Plac 
IRIS Pio vs Plac 

ACT NOW Pio vs Plac 

Met +Rosi; 
RECORD Rosi + SU; 

Met+ SU 
BARI2D IP vs IS 
DREAM Rosi vs Plac 

(Ram vs Plac) 

5238 
3136 
600 

4000 

3000 
4000 

?::2.5 yrs 
3 yrs 
3 yrs 

6 yrs 

5 yrs 
3 yrs 

MACE 
CVA/MI 
New OM 

MACE 

All-cause Death 
New OM/Death 

The first of these studies summarized in the table has now been completed and results 
published. The ProActive study was a double blind, placebo-controlled study that enrolled 
patients with medically treated type 2 diabetes and prevalent atherosclerotic vascular disease. 
Participants were randomized to treatment with pioglitazone versus placebo, added to existing 
therapy, with mean follow up of 3 years. 18

' 
54 Pioglitazone was initiated at 15mg daily, with 

increases of 15mg daily each month as tolerated to the target dose of 45mg daily, which was 
continued through the remainder of the study. The primary endpoint was the time to the first 
occurrence of a composite of 7 major adverse cardiovascular events, including spontaneous 
clinical events (all-cause mortality, MI, CVA, ACS) and clinically driven vascular events 
(coronary or leg revascularization or leg amputation). A prospectively determined hierarchical 
series of secondary endpoints included, in order: the time to the first occurrence of a composite 
of death, MI, and CVA (the "principal" secondary endpoint); cumulative cardiovascular death; 
and time to first occurrence of 
each of the primary composite 
component endpoints. 

The study enrolled 5238 
patients between May 2001 and 
April 2002 from 321 centers in 19 
Emopean countries. As depicted in 
Table 4, the cohort was 
predominantly white with a mean 
age of 62 years old, 2/3 men, with 
a median dmation of diabetes of 8 
years and mean hemoglobin Ale 
of7.8%. 

Table 4. Baseline characteristics of the PROactive study participants. 
fRpfJ:;4\ 

Patients' characteristics 

Male 
White 
Ag" (years) (mean, SD) 

Time since diaynosis of diabetes (years) (median, IQR) 
Body-mass index (kglm') (mean, SO) 

Blood pre>Sure: systolic/diastolic (rnm Hg) (m~'"'· SD) 
History of hypertension 

Currc·nt~moh·r 

Past smoker 

Microvascular dJsC"a.se* 
Laboratory do ta 

HilA"(%) (median (IQR) 
LDLcholesterul (mrnol/L) (rnedian. IQR) 
HDL cholesterol (mmoi/L) (median, IQR) 

Triglycerides (rnmoVL) (median, IQRJ 
Creatinine (~trno\ll) (median, IQR) 

Pioglitazone 
(n~ 1605) 

1735 (67%) 

2564(98%) 

61·9 (7·6) 

8 (4-13) 

30·7 14·7) 
144 (18)/83 (10) 

1947 (75,,) 

340 (13'{,) 

1199 (46~ .• ) 
1113 (43%) 

7 ·8 (7 0-8·9) 

2·9(2·3-3·5) 
1-1 (0·9-1 3) 

1-8 (1-3-2·6) 

79 (68-92) 

Placebo 
{n~1633) 

1728(66%) 

2600 (99X.) 
61-6 (7'8) 

8 (4-14) 

310 14·8) 
143 (18)/83 {9) 

2005 (76%) 

381 (14%) 

1159(44%) 

1076 (41%) 

7·9 (7 ·1-8·9) 

2·9 (2·3-3·5) 
11 (D·9-1-3) 

1 8 (1· 3-2.6} 

79 (68-92·5) 
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As shown in Table 5, about 
1/2 of study participants had a prior 
myocardial infarction, and similarly, 
about 1/2 of the study population 
satisfied 2 or more of the entry criteria 
for prevalent cardiovascular disease. 
The mean study treatment duration was 
2.9 years. Study drug discontinuation 
was similar between the groups (16% 
for pioglitazone and 17% for placebo), 
and among those continuing on study 
drug, 93% in the pioglitazone arm and 
95% in the placebo arm were treated 
with the maximum study drug dose. 

Despite accumulating over 
1,000 primary endpoint events (514 in 
the pioglitazone arm versus 572 in the 
placebo arm; Table 6), the study failed 

to demonstrate a statistically 
significant difference in the primary 
endpoint between the treatment 
groups, with a trend toward a 1 0% 
reduction favoring pioglitazone 
(23.5% vs. 21%, p=0.095; Figure 
4). Treatment with pioglitazone did 
significantly reduce the 
prospectively identified "principal" 
secondary endpoint, time to 
occurrence of the first event of a 
composite of all-cause 
mortality/MI/stroke (14.4% vs. 
12.3%; HR 0.84, p=0.027; Figure 
5). 

- PiOI)Iitazonr (514evonts) 
- Placebo (572 events) 

Table 5. Macrovascular morbidity and cardiovascular medications at 
study entry in the PROactive study. (Ref 54) 

Pioglitdlone Pl"eho 

(n-2605) (11·2633) 

Entry criteriol 

PreVIOUS. myoc"rchalmfarction 1230(4r'-J 1215(4G%) 
PreviOIJS stroke 486 (19%) 498( 19'J!.) 
Prrvious. p•~n:utanl'ous interventlol) or coronary 804(3 1%) 1JU7l]J<)(o) 

Jrtory bypass graft 
Previous ctcute c:o1onary syndrome- 355(14%) 360(14%) 

ObjcctivL~ C'Vid~no~ of coronal)' art.:.·ry disease 1246(48%) 1274(48%) 

Syrnptomatr< periplrcr~1l Mtc-nal ol:><5t ructivc d1set)se 504(19%) 539(20%) 

Tv ... ·o 01 more mm:rovas.:ular tl1sc?(1se criteria 1223(47%) 1278 {49%) 

EM~elin~ t llrcliuva':!.culcu 111edic iltiOJI't 

f:l blockers 1423 (55%) 1434(54%) 

AngiotensiJ,· r.onverting cnzyrne inhibJtors 1630(63%) 1658(63%) 

AnglotP.n511lll "nta~ornsts 170 (7%) 184(7%) 

Ca!dum-ch~nnc l hlockeJs. 892 (34~,l 96407'!>! 

Nitrates 1018 (39%) 104S(40%) 

Th1az.ide diurQW:S 401(15%) 430(16%) 

Lon I' diure:t1r.s 071 (14%) 378 (14%) 

Antipli'tc·lc-t rnedic<ltlon:; 2221(85%) 2175 (83%) 

Aspirin 1941(75%) 1838(72%) 

Statins 1108(43'f>) 1137(43%1 

Fibrat~s 264(10%) 294(11%) 

Table 6. Number of first events contributing to the primary and principal 
!I<Prnnrl~uv Pnrlnnint!l< in thP PROllt>hVP dnrlv_ fRPf ~4) 

Primary composite endpoint Main secondary endpoint 

Pioglitazone PIJcebo Pioglitazone Placebo 
(n=260S) (n=2633) {11=2605) (n=2633) 

Any endpoint 514 572 301 358 
Death 110 122 129 142 

Non-htol Ml (excludin9 silent MJ) 85 95 90 116 
SilontMI 20 23 NA NA 

Suoke 76 96 82 100 

Major leg amptltation 'l 15 NA NA 

Acut c ro naty ~ndrome 42 63 NA NA 

Coroll<lty rev,,srularis.l.tton 101 101 NA NA 

L~ rwasaJ~1fl$ntion 71 57 NA NA 

Ml=myocardial infarction NA=not applicable This table describes the event5 that make up the ptimary composite and point. so 

if cle,Hh is not th.; first event it doC's not appe.:n 

25 
- Pioglit•zone (301 events) 
- Pl•cebo (358 events) 

20 

15 

10 

5 5 

Number> at risk 
Pioglitazone 
Placebo 

0 6 

2488 
2530 

12 18 24 

Timc-from randomisation {months) 

2373 2302 1218 
2413 2317 2215 

30 36 

2146 348 
2122 345 

Figure 4. Kaplan-Meier curve of time to primary endpoint in 
the PROactive study. (Ref 54) 

0 
0 6 12 18 24 30 36 

Tlln~ from randomi5ation (months) 
Numbers ilt risk 
Ploglit;:~wne 2536 2427 2435 2381 2336 396 
Pl!llebo 2566 2504 2442 2371 2315 390 

Figure 5. Kaplan-Meier curve of time to principal secondary 
endpoint in the PROactive study. (Ref 54) 



Therefore the PROactive investigators concluded that "pioglitazone reduces the composite of all
cause mortality, non-fatal myocardial infarction, and stroke in patients with type 2 diabetes who 
have a high risk ofmacrovascular events."18 This conclusion is further supported when 
considering all accumulated cardiovascular events in the study, which numbered over 1700. In 
this comparison, 803 events occurred in the group allocated to pioglitazone treatment compared 
with 900 events in the placebo group, representing a 10.8% relative reduction. 

From a safety perspective, the most concerning observation was an increase in CHF 
requiring hospitalization associated with pioglitazone (Table 7), which occurred in 149 patients 

Table 7. Reports of heart failure in the PROactive study. (Ref 54) 
( 6%) allocated to pioglitazone 
treatment compared with 108 
patients (4%) in the placebo 
group. This absolute increase 
in risk of 2% is quite similar 
to the 2.1% absolute reduction 

Pioglitozone (n=260S) Placebo (na2633) 

in risk observed in the 
principal secondary endpoint, 
suggesting a fairly neutral 
risk: benefit ratio. However, 
despite an increment in CHF 

Number 

of events 

Any report of heart failure' 417 

Hoart failure not needing 
hospital admission• 

Hcort failure needing 
ho!,pital admissio n• 
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hospitalization, the 2 study groups had comparable and low rates ofCHF mortality, raising valid 
questions about the true clinical relevance of CHF precipitated by pioglitazone. The relatively 
low event rates for CHF hospitalization and lower yet rates of CHF mortality preclude 
meaningful clinical or statistical interpretation. Unfortunately, no data were systematically 
collected specific to CHF, such as imaging assessment of cardiac function, chest X-rays, BNP 
assessments, et cetera, to better understand this CHF finding. 

Expectably, the CHF signal is 
the focus of an accompanying editorial 
ofthe primary publication.55 While the 
editorial is excellent overall, a few 
specific points should be considered. 
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First, the discussion of the risk:benefit 
consideration effectively equates an 
incident CHF hospitalization with each 
component of the principal secondary 
endpoint, all-cause mortality, MI, or 
stroke. As discussed above, however, 
the CHF associated with TZD use does 
not appear to carry the significant 
morbidity and mortality risk commonly 
attributed to CHF, although the data in 
this regard are far from adequate. 
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More importantly, the figure 
accompanying the article erroneously 
exaggerates the magnitude of the risk signal 
associated CHF (Figure 6). In the figure, the 
efficacy parameter of prevention of "first 

Figure 6. Effect of pioglitazone versus placebo on 
the primary endpoint and on heart failure in the 
PROactive study. (Ref 55) 
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events" from the principal secondary endpoint (58) is compared with the cumulative increment in 
CHF hospitalizations (115). This comparison should be made comparing either first event 
occurrences (58 CV events prevented vs. 83 incident CHF hospitalizations) or cumulative event 
occurrences (97 events prevented vs. 115 cumulative CHF hospitalizations). While the signal for 
CHF hospitalization risk remains and deserves careful consideration, the net risk: benefit is far 
less imbalanced than the figure in the editorial suggests, both quantitatively and qualitatively. 

CHF with the TZDs 

While most of the CV effects of TZDs suggest favorable effects, as demonstrated in the 
PROactive study, there remains a concern with regard to the propensity for these dru~s to cause 
peripheral edema and precipitate or exacerbate congestive heart failure (CHF). 56

' 
57 1 The 

clinical relevance of these observations remains unclear, but has previously prompted an FDA 
caution for the use of TZDs for patients with or at high risk of developing CHF included in the 
package insert for both rosiglitazone and pioglitazone, 58

' 
59 and supported by a position statement 

from a joint panel of the American Diabetes Association (ADA) and the American Heart 
Association (AHA). 60 The PROactive study results supports this caution, and the TZDs should 
be used with caution among patients with Class I or II CHF, and not at all for patients with Class 
III or IV CHF. Despite the consistent observations of increased risk for volume overload and 
CHF, the mechanism(s) and relevance of these observations remain unclear, warranting 
continued investigation especially now in the wake of evidence of benefit with regard to major 
adverse cardiovascular events. 

Peripheral Edema 
TZD use is associated with a consistent dose-dependent association with incident 

peripheral edema that has been observed with all TZDs evaluated to date, with the incidence 
ranging 2.5-16.2%. 58

' 
59

' 
61 Several mechanisms may underlie the development of peripheral 

edema, independent of ventricular volume and pressure overload or any direct effects on cardiac 
structure or function. As mentioned previously, the TZDs antagonize L-type calcium channel 
antagonism which may lead to edema similar to that observed with dihydropyridine calcium
channel blockers, 16

' 
62 The TZDs have also increase expression of vascular endothelial growth 

factor (VEGF),63
-6

5 which induces microvascular permeability and may contribute to peripheral 
edema in the absence of pressure overload. 66 1n addition, insulin is known to increase the risk for 
the development of peripheral edema,67 and insulin sensitization with TZD therapy may amplify 
these effects primarily via effects on renal sodium handling, and also by possibly augmenting 
insulin-mediated vasodilatation. 

The most probable mechanism contributing to peripheral edema and incremental risk for 
CHF is alteration of sodium handling resulting in net volume retention. This is elegantly 
demonstrated by a recently published study using a mouse model.68 In mice, PPARy expression 
has been identified in endothelial cells lining the inner medullary collecting duct (CD) of the 
kidney. Zhang et al generated a mouse model with CD-specific knockout ofPPARy. 
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In a vehicle-controlled experiment, 
these CD-PP ARy KO mice were resistant 
to rosiglitazone-induced decreases in 
hematocrit, felt to be an indirect measure of 
hemodilution (Figure 7), and resistant to 
increases in body weight (Figure 8 a & b) 
and plasma volume expansion (Figure 9). 
There was no change in dietary sodium 
intake. These findings demonstrate a 
PP ARy-dependent pathway in regulation of 
sodium handling in the CD that underlies 
TZD-induced fluid retention, at least in mice. 
These observations are provocative and 
require confirmation in humans. 
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Figure 7. Changes in hematocrit (Hct) in wild
type and CD PP ARy KO mice treated with 
rosiglitazone versus vehicle. (Ref 68) 
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Figure 8. Body weight gains wild-type (a) and CD PPARy KO (b) mice treated with 
rosiglitazone versus vehicle. (Ref 68) 
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Figure 9. Changes in plasma volume in wild-type and CD PPARy KO 
mice treated with rosiglitazone versus vehicle. (Ref 68) 
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Cardiac Function and Congestive Heart Failure 
Several lines of evidence suggest that although plasma volume expansion occurs with the 

TZDs,59
• 

61
• 

69 and some patients develop signs and symptoms ofCHF, there is no evidence to 
suggest direct cardiac toxicity of these drugs. In fact, there are extensive data from ex vivo 
experiments and animal models that suggests the opposite: TZDs inhibit/reverse cardiac 
hypertrophy and improve parameters of systolic and diastolic performance. In controlled 
experiments using rat cardiac myocyte cell culture, TZDs inhibit myocyte hypertrophy in 
response to either angiotensin II exposure or to mechanical strain.70

' 
71 In intact animal models, 

PPAR-y agonists improve contractility and systolic performance,72
-
75 enhance diastolic 

performance,73
-
76 and decrease cardiac hypertrophy independent of loading conditions.70

' 
71

' 
77 

Similarly, multiple human studies have demonstrated no untoward effects on various 
parameters of cardiac performance and some trends toward improved systolic function 
associated with longer-term TZD therapy using echocardiographic assessment.72

•
78 In a 

randomized trial evaluating 48 weeks of treatment with troglitazone versus glyburide in 154 
patients with type 2 diabetes, significant improvements from baseline in stroke volume index and 
cardiac index were observed associated with troglitazone therapy, with no change in left 
ventricular mass index. 72 No changes in these parameters were observed in the group treated 
with glyburide. In a similar randomized blinded clinical trial that included 203 patients, the 
effects of rosiglitazone versus glyburide on echocardiographic parameters of left ventricular 
mass and function with type 2 diabetes were evaluated. After 52 weeks on study drug, no 
difference was observed between the treatment groups in LV mass index, ejection fraction, or 
left ventricular end-diastolic volume. 78 The incidence of peripheral edema in these studies were 
10% and 6.7%, respectively, and no adverse effects on cardiovascular performance were 
reported among the patients with peripheral edema. 

A few studies have assessed the effects ofTZDs used in populations with prevalent CHF. 
In an observational study evaluating the use of TZDs among Ill patients with systolic heart 
failure, those who developed physical signs of fluid retention (predominantly peripheral and not 
central edema) exhibited no change in NYHA class or echocardiographic severity of cardiac 
dysfunction. 79 Furthermore, the fluid retention was readily reversible with drug withdrawal or 
dose reduction. 

In a retrospective cohort study of 
16,417 Medicare beneficiaries with 
diabetes discharged with a primary 
diagnosis of heart failure, the association 
between TZD use and both mortality and 
CHF rehospitalization over the 
subsequent year was assessed. 80 Among 
this population, despite the relative 
contraindications for their use in patients 
with CHF, 2226 patients were treated 
with TZDs. The use of TZDs was 
associated with a significant 13% 
reduction in adjusted mortality (Figure 7), 
despite a statistically significant 6% 
increased rate of rehospitalization for CHF. 
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Figure 7. Adjusted mortality curves for diabetic 
patients hospitalized with heart failure 
receiving presctription for thiazolidinedione 
(TZD) at hospital discharge and patients not 
treated with insulin sensitizing drug. (Ref 80) 
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In the only randomized controlled study in this area, type 2 diabetic patients with 
impaired systolic function (EF<40%) and NYHA class II or III were randomized to 24-weeks of 
treatment with pioglitazone versus glyburide. Although the results of this study are yet to be 
published in the peer-reviewed literature, the following information derived from that study has 
been included in the product labeling [Actos® (pioglitazone hydrochloride) Tablets; Takeda 
Pharmaceutical Company Limited]. Pioglitazone therapy was associated with a 9.9% incidence 
of congestive heart failure hospitalization compared with 4.7% in the glyburide arm of the study, 
with the difference most notable in the subset of patients treated with concomitant insulin 
therapy or age over 64 and occurring beyond 6 weeks of therapy. Similar to the PROactive study 
results, no difference was observed in cardiovascular mortality between the treatment groups, 
although like the PROactive study results, the mortality rates were too low for meaningful 
statistical comparison. Accordingly, the package insert has been modified to recommend: 
"Actos® should be initiated at the lowest approved dose if it is prescribed for patients with type 2 
diabetes and systolic heart failure (NYHA Class II). If subsequent dose escalation is necessary, 
the dose should be increased gradually only after several months oftreatment with careful 
monitoring for weight gain, edema, or signs and symptoms of CHF exacerbation. "58 Until further 
data are available, the cautionary guidelines from the FDA, AHA and ADA should guide clinical 
decision-making with regard to the judicious use of TZDs in patients with impaired left 
ventricular function and CHF. 

Conclusions 
The TZD class of medications has emerged as a safe and effective therapy for the 

treatment of hyperglycemia associated with type 2 DM as an adjunct to therapeutic lifestyle 
modification, as monotherapy or in combination with existing therapies. The apparent pleiotropic 
cardiovascular effects of these medications have fostered optimism regarding their use to 
improve cardiovascular outcomes among this high-risk population of patients, and the PROactive 
study results demonstrate the efficacy of pioglitazone in a population at high risk for 
cardiovascular events. These accumulated data provide support for use of a thiazolidinedione as 
the most "evidence-based" strategy for glucose control in DM management in patients with 
increased cardiovascular risk. Despite their efficacy for glucose control and cardiovascular risk 
modification, a caution remains with regard to the propensity for TZDs to precipitate or 
exacerbate congestive heart failure. While the mechanism(s) and relevance of the CHF signal 
remain to be elucidated, caution is suggested for the use of TZDs in patients with or at risk for 
CHF. For Class I and II CHF, TZDs may be used with close observation for signs and symptoms 
of volume overload, with dose reduction or drug discontinuation if such findings are observed; 
they are presently contraindicated for use in patients with Class III or IV CHF. 
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