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Summary. Background:Asarterial thrombosis accounts for the

vast majority of cardiovascular complications in obese, insulin

resistant patients, we hypothesized that improving insulin

sensitivity may be effective in reducing the thrombotic response

following vascular injury. Objectives:We investigated the effect

of the thiazolidinedione drug, pioglitazone, on the thrombotic

response to injury in obese, insulin resistant mice. Methods:

Insulin-resistant, obesity-prone mice (KK strain) were treated

with pioglitazone, placebo, or the sulfonylurea compound,

glipizide, for 2.5 weeks and then subjected to photochemical

injury of the carotid artery. Results:KKmice have a significant

increase in adiposity (7 weeks: 25.6%; 15 weeks: 34.4%;

P < 0.0001) and thrombotic tendency (7 weeks: 21.2 ±

1.9 min; 15 weeks: 13.7 ± 1.7 min; P < 0.01) with age.

Pioglitazone provided significant protection from thrombosis

at both timepoints, prolonging the time to occlusive thrombosis

by 40% and 68%, at 7 and 15 weeks of age, respectively

(P < 0.05). Similarly, following a diet-challenge to promote

diabetes, pioglitazone provided protection from occlusive

thrombus formation (Placebo: 11.3 ± 1.0 min; Pioglitazone:

22.3 ± 3.9 min;P < 0.05).However, despite a salient effect of

glipizide on the hyperglycemia of the mice, there was no effect

on the time to occlusive thrombus formation (13.2 ± 0.9 min,

n ¼ 4) compared with placebo-treated mice. The pioglitazone

protection was paralleled by significantly lower soluble P-

selectin and platelet P-selectin expression providing evidence of

an antiplatelet effect. Conclusions: We conclude that pioglita-

zone treatment provides protection against arterial thrombosis

in an obese, insulin resistant, prothrombotic mouse model.

Keywords: coagulation, diabetes mellitus, obesity, platelet,

syndrome X.

Introduction

Obese and diabetic patients are at increased risk of cardiovas-

cular thrombotic complications such as myocardial infarction

and stroke [1,2]. The underlying mechanisms responsible for

this increased risk are incompletely understood. However, it

appears that therapies such as insulin and sulfonylurea

compounds, which normalize hyperglycemia without directly

influencing the underlying insulin resistance, may not effect-

ively reduce macrovascular complications [3,4].

The thiazolidinedione (TZD) drug class directly improves

insulin sensitivity in part by affecting the adipocyte gene

expressionprofile [5].This therapymayhaveauniquebenefiton

cardiovascular outcomes in obese and diabetic populations.

Because the complications of cardiovascular disease are

primarily due to thrombosis at sites of endothelial damage, we

hypothesized that TZD treatment may be useful in preventing

the thrombotic response that occurs following vascular injury.

Methods

Experimental animals

Four- to eight-week-old male KK mice (KKHI/J) were

purchased from Jackson Laboratory, Bar Harbor, Maine,

USA. Two separate groups ofmice were studied to examine the

effects of age and diet on the thrombotic response to treatment

with the TZD-drug, pioglitazone. The first group examined the

thrombotic tendency of 7- and 15-week-old mice provided

standard rodent chow, with and without pioglitazone. A

second group of mice were evaluated at 15 weeks of age

following a dietary challenge with a high fat (35.5% w/w) and

sucrose (�36%w/w) diet (#1850, Bioserve Corp., Frenchtown,

NJ, USA) from 11 to 13 weeks of age prior to the TZD

treatment period. All in vivo experiments were performed using

8–11 mice per group. All mice were maintained in specific

pathogen-free (SPF) facilities. All animal care and experimental

procedures complied with the Principles of Laboratory and

Animal Care established by the National Society for Medical
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Research and were approved by the University of Michigan

Committee on Use and Care of Animals.

Drug treatment

Pioglitazone was added to standard rodent chow (Laboratory

Rodent Diet #5001, TestDiet, Richmond, IN, USA) as an

admixture (0.012%, Takeda Chemical Industries, Osaka,

Japan). To examine the TZD-independent effects of improved

glycemic control on thrombosis, the dietary challenge experi-

ment was also performed using an admixture of the sulfonyl-

urea drug, glipizide, at a dose of �1 mg kg)1 day)1 [6].

Arterial thrombosis

The response to photochemical injury was determined in all

mice 2.5 weeks following the initiation of treatment, as

previously described [7]. Briefly, a photochemical (Rose Bengal,

Fisher Scientific, Pittsburg, PA, USA) was injected into the

circulation via a tail vein and a green laser light source was

directed to the right carotid artery. The green light activates

Rose Bengal leading to formation of reactive oxygen species

with subsequent endothelial damage and thrombosis. The dose

of the photochemical was reduced by 25% (to 37.5 mg kg)1)

for the KK mice because preliminary experiments (with the

50 mg kg)1 dose) in this mouse strain resulted in the formation

of occlusive thrombi in <12 min. Carotid blood flow was

monitored using a microcirculation probe (model 0.5 V,

transonic systems) interfacedwith aT106 flowmeter (Transonic

Systems Inc, Ithaca, NY, USA). Vascular occlusion was

defined as zero flow for at least 1 min at which time the

experiment was ended and a terminal bleed was performed for

blood chemistry analyses.

Blood chemistry analyses

Glucose concentration was measured using an automated

glucometer (Glucometer Elite XL, Bayer Corporation, Elk-

hart, IN,USA). Plasma insulin and adiponectin weremeasured

via commercially available enzyme-linked immunosorbent

assay (ELISA) kits (#90060; Crystal Chem Inc., Downers

Grove, IL, USA and #K1002-1; B-Bridge International,

Sunnyvale, CA, USA). Plasma PAI-1 antigen was determined

using the Total Murine PAI-1 antigen assay (Molecular

Innovations, Southfield, MI, USA).

Whole-body adiposity

A PIXImus2 Mouse Densitometer (GE Medical Systems,

Madison, WI, USA) was used to determine the adiposity of

mice at the conclusion of each study.

Platelet activation measures

Soluble P-selectin was measured from serum using a commer-

cially available ELISA kit (R&D Systems, Inc, Minneapolis,

MN,USA). Platelet expression of P-selectin was determined by

flow cytometry (FACScalibur, BD Biosciences, San Jose, CA,

USA) on isolated platelets incubated for 10 min at 37 �C using

a commercially available FITC-conjugated rat antimouse

CD62P monoclonal antibody (Cat #553744; BD Biosciences).

The platelet isolation and flow-cytometry procedure was

performed as previously described [8]. The platelet P-selectin

expression was determined in the resting (i.e. unstimulated)

state.

Statistical analysis

For the comparison of 7- and 15-week-old mice, with and

without pioglitazone, a two-way ANOVA onRanks (non-normal

distribution) was performed to examine the effects of age and

treatment. For the comparison of the diet-challenged mice, a

one-way ANOVA onRanks was used with aDunn’s post hoc test

to determine differences among placebo, pioglitazone, and

glipizide-treated mice. All other comparisons were made using

a student’s t-test. P < 0.05 was considered statistically

significant. All statistical procedures were performed using

SigmaStat for Windows 3.0 (SyStat Software Inc., Point

Richmond, CA,USA). Values are expressed as mean ± SEM.

Results

Effective delivery of pioglitazone

To provide evidence of an effective dosing regimen in the

insulin resistant KK mice utilized for these experiments, we

determined the fasting plasma insulin and glucose levels

following 2 weeks of pioglitazone treatment. As expected,

pioglitazone treatment resulted in significantly lower levels of

fasting insulin concentration compared with placebo in the

15-week-old mice fed standard chow (Placebo: 1.2 ± 0.2; Pio:

0.6 ± 0.1 ng mL)1;P ¼ 0.028). In addition, there was a lower

mean fasting glucose concentration in the pioglitazone-treated

15-week-old mice compared with placebo, although this did

not reach statistical significance (Placebo: 181 ± 11 mg mL)1;

Pio: 154 ± 10 mg mL)1;P ¼ 0.09). The fasting blood glucose

levels were elevated in 15-week-old mice compared with

7-week-oldmice (7 week placebo: 140 ± 7.4; 15 week placebo:

181 ± 11 mg dL)1; P ¼ 0.009) and 7-week-old mice had no

change with pioglitazone treatment (7 week pioglitazone:

159 ± 11 mg dL)1). Fasting insulin concentration was

significantly improved in the 7-week-old mice receiving piog-

litazone (Pre: 2.6 ± 0.5 ng mL)1; Post: 1.2 ± 0.4 ng mL)1)

while placebo mice were mostly unchanged (Pre: 1.7 ±

0.1 ng mL)1; Post: 1.8 ± 0.3 ng mL)1) during the same

period.

Effects of age and pioglitazone on thrombosis in KK mice

KK mice are known to have increasing obesity and insulin

resistance with age. We observed marked differences in

adiposity via DEXA measurement between these two ages
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(7 weeks: 25.6%; 15 weeks: 34.4%; P < 0.0001). Concomi-

tant with this change in age and fatness, we observed a

significant increase in the thrombotic tendency whereby

15-week-old mice formed an occlusive thrombus approxi-

mately twice as fast as 7-week-old mice (Fig. 1). Interestingly,

pioglitazone provided protection to both 7- and 15-week-old

mice resulting in 40% and 68% longer times to occlusion for

each group, respectively (Fig. 1).

Comparison of pioglitazone and glipizide effects on

photochemical-induced thrombosis in diet-challenged

KK mice

Previous investigators have demonstrated that dietary fat

enhances the diabetes of KK mice. Therefore, to further

investigate the effect of pioglitazone on thrombosis in a more

clinically relevant state, we provided 2 weeks of high fat chow

to the mice prior to the treatment of pioglitazone. This dietary

challenge resulted in significantly increased adiposity (chal-

lenged: 38.9 ± 1.4% fat; standard chow: 34.4 ± 0.2% fat;

P ¼ 0.001) and higher fasting insulin levels (challenged:

3.9 ± 1.0 ng mL)1; standard chow: 1.2 ± 0.2 ng mL)1;

P ¼ 0.02) than standard chow fed mice. In addition, using

the diet-challenged mice, we compared the effects of the

sulfonylurea compound, glipizide, to that of placebo and

pioglitazone-treated mice. The glipizide-treated mice had a

significant reduction in fasting glucose compared with placebo

mice but no significant effect on fasting insulin levels (Fig. 2).

The pioglitazone-treatedmice had a significant improvement in

fasting insulin but only a trend toward a decrease in fasting

glucose (Fig. 2). No statistically significant differences were

evident between the glucose levels of the pioglitazone and

glipizide-treated mice. Consistent with the effects of pioglita-

zone on thrombosis observed in 7- and 15-week-old mice on

normal chow, the diet-challenged mice provided pioglitazone

also had a 65% prolongation in the time to arterial thrombosis

compared with placebo mice (Fig. 3). Interestingly, despite the

salient effects of the glipizide treatment on fasting glucose

concentration, there was no significant benefit on arterial

thrombosis compared with placebo-treated mice (Fig. 3).

Pioglitazone effects on measures of platelet activation

To examine the effect of pioglitazone on platelet activation in

this mouse model of insulin resistance, we determined the

concentration of soluble P-selectin in the serum of placebo and

pioglitazone-treated mice following a dietary challenge. Fol-

lowing just 1 week of treatment, the soluble P-selectin concen-

tration was significantly lower in pioglitazone-treated mice

compared with the placebo group (Fig. 4A). Because soluble-

P-selectin may also result from activated endothelial cells, we

examined the effect of pioglitazone treatment on platelet

P-selectin expression via flow cytometry of washed platelets

isolated from placebo and pioglitazone-treatedmice. Using this

methodology, we determined that the P-selectin expression of

resting platelets was significantly lower in pioglitazone-treated

compared with placebo-treated mice, demonstrating that

in vivo platelet activation was attenuated by TZD treatment

(Fig. 4B).

Additional measures

Plasma PAI-1 levels were determined in a separate group of

diet-challenged mice but no difference was found between

mice with 2 weeks of pioglitazone treatment and the placebo
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Fig. 1. Effect of pioglitazone or placebo treatment on the time to occlusive

thrombus formation for 7- and 15-week-old mice (n ¼ 8-11/group) fed

standard rodent chow. Significant main effects for both pioglitazone

treatment and age were evident (P < 0.05).
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Fig. 2. Plasma was collected following a 5 h fast to determine the effect of placebo, piogltizone, and glipizide treatment on insulin (A) and glucose (B)

concentration following 2 weeks of drug treatment. *P < 0.05; #P ¼ 0.09.
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mice (Pioglitazone: 1.0 ± 0.1 ng mL)1; Control: 0.7 ± 0.3

ng mL)1; P ¼ NS). Basal blood flow was assessed in 15-week-

old pioglitazone and placebo mice immediately prior to the

photochemical injury. Although blood flow in both groups was

within the normal range of what we have previously observed

in C57BL/6 mice [9], in the current study a significantly higher

blood flow was observed in the pioglitazone-treated mice

compared with the placebo group (Placebo: 0.39 ±

0.03 mL min)1; Pioglitazone: 0.50 ± 0.03 mL min)1; P ¼
0.023). The baseline blood flow of mice was not associated

with the time to occlusive thrombosis (R2 ¼ 0.021).

Discussion

Thrombosis plays a critical role in acute coronary syndromes

and stroke [10]. The model of arterial thrombosis used in this

study involves endothelial damage mediated by toxic reactive

oxygen species, a type of injury that may be common in

patients with risk factors for cardiovascular disease [11]. We

have previously shown that this photochemical-induced endo-

thelial injury model is sensitive to genetic alterations in

fibrinolytic, coagulative, and platelet factors [12–15]. The KK

mouse strain used in this study is genetically prone to obesity,

insulin resistance and diabetes [16]. We now show that this

strain also has an age- and adiposity-associated susceptibility to

thrombosis following vascular injury. This is the first study to

demonstrate enhanced thrombosis in a diabetic animal model.

Thus, this animal model appears well suited to study the effect

of therapies used to treat metabolic syndrome and diabetes on

arterial thrombosis.

Diabetes is associated with changes in factors that promote

vascular disease [1]. Many of the previous therapeutic agents

used for type 2 diabetes have not directly affected insulin

resistance and/or the underlying causal mechanisms of

diabetes. This may explain the neutral or modest effect of

maintaining euglycemia with insulin or sulfonylurea treatment

on the development of macrovascular complications such as

myocardial infarction [3,4]. In contrast, the TZDs represent a

new class of drugs that directly improve insulin sensitivity by

acting primarily as PPARc ligands [5]. While they are effective

in treating insulin resistance, the ability of these drugs to reduce

cardiovascular thrombotic complications is not yet clear. In

this study, pioglitazone significantly prolonged the time to

occlusive thrombosis following photochemical injury. Interest-

ingly, mice treated with glipizide, which reduces hyperglycemia

by direct effects on the pancreas, did not attenuate thrombus

formation despite beneficial effects on glycemia. This further
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with placebo, pioglitazone, or glipizide. (B) Themean thrombotic response

to photochemical injury from 15-week-old diet-challenged mice following
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treatment.
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supports the potential antithrombotic benefit of insulin-sensi-

tizing drugs over the insulin-providing compounds of the

sulfonylurea class.

Platelet activation is likely an important factor contributing

to the prothrombotic state of diabetic patients [17]. Onemarker

of platelet activation which has been identified in diabetic

patients is soluble P-selectin. This circulating fragment is

believed to closely reflect P-selectin expression of the platelet

and has been demonstrated to have direct pro-coagulant effects

in animal model experiments [18]. Using this marker to explore

the platelet effects of pioglitazone treatment in diet-challenged

KK mice, we observed a significant reduction in the concen-

tration of the circulating fragment (soluble P-selectin) as well as

P-selectin expression in platelets. Pioglitazone treatment thus

leads to a reduction in the platelet activation of insulin resistant

mice, which is consistent with results from recent studies in

patients [19,20]. These results suggest that the beneficial effect

of pioglitazone toward thrombosis may be mediated via

platelet inhibition, although we cannot exclude other potential

beneficial effects on the vessel wall.

In conclusion, these studies demonstrate a protective role of

TZDs in a diabetic model of enhanced thrombosis. Further

studies are necessary to confirm the effect in human popula-

tions at risk for CVD and to further dissect the underlying

mechanisms responsible for the beneficial effect of TZDs on

thrombosis.
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