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Abstract

Background—Platelet abnormalities are well-recognized complications of diabetes mellitus

(DM). Mitochondria play a central role in platelet metabolism and activation. Mitochondrial

dysfunction is evident in DM. The molecular pathway for hyperglycemia-induced mitochondrial

dysfunction in DM platelets is unknown.

Methods and Results—Using both human and humanized mouse models, we report that

hyperglycemia-induced aldose reductase (AR) activation, and subsequent reactive oxygen species

(ROS) production, leads to increased p53 phosphorylation (Ser15), which promotes mitochondrial

dysfunction, damage and rupture by sequestration of the anti-apoptotic protein Bcl-xL. In a

glucose dose dependent manner, severe mitochondrial damage leads to loss of mitochondrial

membrane potential and platelet apoptosis (cytochrome c release, caspase 3 activation and

phosphatidylserine exposure). Although platelet hyperactivation, mitochondrial dysfunction, AR

activation, ROS production and p53 phosphorylation are all induced by hyperglycemia, we

demonstrate that platelet apoptosis and hyperactivation are two distinct states, dependent upon the

severity of the hyperglycemia and mitochondrial damage. Combined, both lead to increased

thrombus formation in a mouse blood stasis model.

Conclusions—AR contributes to diabetes-mediated mitochondrial dysfunction and damage

through the activation of p53. The degree of mitochondrial dysfunction and damage determines

whether hyperactivity (mild damage) or apoptosis (severe damage) will ensue. These signaling

components provide novel therapeutic targets for DM thrombotic complications.
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Introduction

Diabetes mellitus (DM) is a complex disease characterized by absolute insulin deficiency or

resistance to insulin, leading to hyperglycemia1. The altered glucose metabolism can lead to

many organ complications including nephropathy, neuropathy and retinopathy2. Platelet

abnormalities are one of the hallmarks of DM, contributing to the pathogenesis of many

disease processes, including atherosclerosis and thrombosis3. Several mechanisms have been

proposed to explain the platelet abnormalities in DM, among which metabolic alterations

and oxidative stress appear to play pivotal roles 4.

Mitochondrial alterations contribute to the pathogenesis of DM5. Given the central role of

mitochondria in platelet metabolism and activation, mitochondrial alteration may contribute

to platelet abnormalities in DM. Indeed, previous studies using isolated platelets from type 2

DM patients have demonstrated low mitochondrial membrane potential compared to control

subjects6 and upregulation of antioxidant enzymes (SOD2 and PRDX3), indicating

increased oxidative stress7. Therefore, it is plausible that hyperglycemia-induced oxidative

stress impairs mitochondrial function in DM platelets. Oxidative stress plays an important

role in the development of microvascular and cardiovascular diabetic complications8. In

platelets, hyperglycemia-induced oxidative stress has been shown to contribute to platelet

hyperreactivity9, 10. However, the role of hyperglycemia-induced oxidative stress in platelet

mitochondrial function is unknown.

Platelets have also been demonstrated to possess critical signaling proteins (Bcl family

proteins) known to regulate mitochondria-dependent apoptosis11. Pharmacological

inhibition of Bcl-xL with BH3 mimetic compounds ABT-737 or ABT-263 triggers platelet

apoptosis in vitro, and acute thrombocytopenia in vivo12–14, suggesting that Bcl-xL plays a

crucial role in regulating the mitochondria-dependent apoptosis in platelets. ABT-737

treatment causes platelet mitochondrial damage with concomitant activation of caspase-3,

consequently leading to externalization of phosphatidylserine (PS)15. Despite these elegant

studies demonstrating the presence of many stress and apoptosis signaling components, the

pathway connecting these signaling components to hyperglycemia and mitochondrial

damage, and their consequences in DM platelets, is not known.

We hypothesized that aldose reductase (AR) plays a key role in the pathway leading from

hyperglycemia to platelet mitochondrial damage. AR, the first key enzyme in the polyol

pathway, is well known to contribute to oxidative stress in DM16. AR contributes to platelet

activation as well as to hyperactivation in platelets under hyperglycemia9, 17. In the present

study, we aim to investigate the role of AR in diabetes-mediated mitochondrial dysfunction,

and the signaling pathways involved in this process. We demonstrate that AR contributes to

diabetes-mediated mitochondrial dysfunction and damage through the activation of p53. We

report that the degree of mitochondrial dysfunction and damage determines whether

hyperactivity (mild damage) or apoptosis (severe damage) will ensue.

Methods

More detailed description of the Methods can be found in Supplemental Materials.
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Patient recruitment and preparation of human platelet samples

Venous blood was drawn from consenting volunteers (healthy and DM subjects) at Yale

University School of Medicine (HIC# 1005006865). Sixty-six type 2 DM subjects

(American Diabetic Association definition) and eight healthy controls (HS) were recruited

for the studies (Supp. Table 1). The platelet-rich plasma (PRP) and washed platelets were

collected by centrifugation.

Development of mouse model for DM with human AR expression

Mice were injected with STZ (50 mg/ml) intraperitoneally for 5 consecutive days to induce

DM. Four weeks after STZ administration, mice were maintained on high cholesterol diet

(HCD) for 12 weeks. Platelets were collected by centrifugation.

Ligation of mouse carotid artery

The carotid artery ligation model was performed as described previously18. Briefly, the left

common carotid artery was ligated near the carotid bifurcation. After 7 days, mice were

euthanized. The left and right arteries were fixed in 4 % paraformaldehyde, embedded in

OCT compound, and sectioned for analysis.

Confocal microscopy

The washed platelets were settled on glass-bottom dishes for 30 min, fixed with 4% PFA,

and stained with specific antibodies. The stained platelets were observed using a Nikon

Eclipse-Ti confocal microscope with 100x oil immersion lens.

Determination of mitochondrial membrane potential (ΔΨm), phosphatidylserine (PS)
externalization and mitochondrial superoxide production

To assess the changes in mitochondrial membrane potential (ΔΨm) and PS externalization

using flow cytometry, platelets were stained with 40 nM Tetramethylrhodamine methyl ester

(TMRM), followed by staining with 4 μg/ml annexin V. To measure mitochondrial

superoxide production, platelets were stained with 5 μM MitoSOX™ Red.

Western blotting, immunoprecipitation and subcellular fractionation

The protein samples were subjected to SDS-PAGE, and the proteins were transferred to

nitrocellulose membrane and probed with the indicated antibodies. For immunoprecipitation,

platelet lysates were incubated with agarose conjugated p53 antibody, and the

immunoprecipitated proteins were eluted in SDS loading buffer for Western analysis.

Subcellular fractionation was performed using a Mitochondria Isolation Kit (Pierce

Biotechnology, Inc., Pierce, Rockford, IL, USA).

Statistical Analysis

All data were expressed as mean ± standard deviation. The parametric t-test was performed

in comparing two groups. The parametric One-way ANOVA followed by Tukey's multiple

comparison test, was used to assess difference between more than two groups within the

same study. Analysis was performed using Prism software (GraphPad). A difference of

P<0.05 was considered significant.
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Results

Severe mitochondrial damage occurs in DM platelets

To initially assess mitochondrial function in DM platelets in comparison to platelets from

control subjects, we measured the ΔΨm by TMRM staining. TMRM is readily sequestered

by the mitochondria, but its fluorescence is rapidly lost when ΔΨm is dissipated. Compared

to healthy platelets, DM platelets exhibited reduced ΔΨm (Fig 1A). Using FACS analysis,

only 10% of platelets were TMRM-negative in healthy subjects (HS). In contrast, about 80%

of DM and ABT-737 (Bcl-2 inhibitor) treated platelets were TMRM-negative (Fig 1B). As

positive controls, healthy platelets treated with antimycin A and rotenone (inhibitors for

mitochondrial complex I and III respectively) also demonstrated greater a TMRM-negative

population (Fig 1B). In addition to ΔΨm dissipation, mitochondrial superoxide production

was significantly increased, with rotenone and antimycin A (positive controls) (Fig 1C).

Further supporting the severe mitochondrial damage, the mitochondrial permeability

transition pore (MPTP) was also increased as demonstrated by the loss of the retained

calcein fluorescence in the mitochondria using a cobalt chloride quenching assay (Suppl. Fig

1). Ionomycin was used as a control to trigger complete MPTP permeability. Using electron

microscopy (EM), we also observed direct evidence of mitochondrial damage. The

mitochondria from DM platelets exhibited varying degrees of damage and rupture of the

outer mitochondrial membrane (OMM), compared to HS platelets, which predominantly

showed the classic double-membrane mitochondria without OMM damage (Fig 1D). The

complete EM field is provided in Supp Fig 2A and a lower power field showing distinct

morphologic differences in HS versus DM platelets in Supp Fig 2B. Collectively, these

results demonstrate that platelet mitochondrial dysfunction and damage is characteristic of

DM platelets.

DM platelets exhibit increased p53 phosphorylation

In order to identify the key components leading to mitochondrial dysfunction in DM

platelets, we utilized a proteome profiler array (R&D Systems), comparing platelets from

HS (n=8 pooled) and type 2 DM patients (n=8 pooled). The most consistent observation was

reduced expression of Bcl-xL by 2.5 fold in DM, and interestingly, increased

phosphorylation of p53 at serine 15 by 2-fold (Supp Fig 3A & 3B). No change was found in

the expression of the other Bcl-2 family proteins (Supp Fig 3C).

In both the cytosolic and mitochondrial fractions of platelets, the expression of p53 and its

phosphorylation at serine 15 were markedly upregulated in DM compared to HS subjects,

but no detectable changes in Bax and Bak were observed (Fig 2A). Utilizing high power

confocal microscopy, we demonstrate that in DM platelets, the level of p53 phosphorylated

at serine 15 was increased, and much of it localized to the mitochondria, whereas Bcl-xL

was diminished (Fig 2B). The complete field where these platelets were selected is shown in

Supp Fig 4A. In addition to the phosphorylation, we also found that glutathionylation and

acetylation of p53 was increased in DM platelets (Supp Fig 4B).

Previous studies have suggested that p53 can induce mitochondrial opening by interacting

with Bcl-xL
19. Bcl-xL co-immunoprecipitated with p53 markedly increased in DM platelets
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by 3-fold compared with HS (Fig 2B) and can be attributed to phosphorylated p53. The

detection was limited in healthy platelets due to low levels of phosphorylated p53 (Fig 2C).

Together with the colocalization studies from confocal microscopy, our results showed that

Bcl-xL is sequestered by the increased phosphorylated p53. In platelets, Bcl-xL exerts its

pro-survival reaction by binding to the pro-apoptotic mediators Bax and Bak at the

mitochondria20. Therefore, as Bcl-xL is sequestered by phosphorylated p53, Bax and Bak

would mediate the outer membrane permeabilization, leading to the release of cytochrome c

from the intermembrane space21. The loss of cytochrome c in the intermembrane space can

no longer inhibit ROS formation in the electron transport, leading to increased oxidative

stress, and further mitochondrial permeability22.

In addition to the interaction between p53 and Bcl-xL, recent data has demonstrated that Bcl-

xL alone can stabilize the Δψm by interacting with ATP synthase23. ATP synthase activity

was not changed in the diabetic platelets (Supp Fig 1A). P53 has been associated with

regulation of the mitochondrial respiration24. We found that mitochondrial ATP level were

reduced in diabetic platelets, suggesting that the ATP generation from oxidative

phosphorylation was impaired in DM platelets. Interestingly, cytosolic ATP was increased

in diabetic platelets, suggesting that increased glycolytic flux may ensue in DM platelets

(Supp Fig 1B). These findings are supported by a previous study showing that platelets from

type 2 DM are characterized by high level of total ATP but low Δψm
25.

AR contributes to hyperglycemia-induced p53 phosphorylation in human platelets

To understand whether acute hyperglycemia contributes to p53 phosphorylation human

platelets isolated from healthy subjects (HS) were incubated with 5 mM glucose (NG) or 25

mM glucose (HG) for 2 hrs. Platelets incubated with HG showed increased p53

phosphorylation localized to mitochondria (Fig 3A). However, in contrast to DM platelets,

no reduction in Bcl-xL expression was observed in normal platelets treated with HG (Fig

3A). The increased phosphorylation of p53 at serine 15 was further confirmed by Western

blot (Fig 3B). In contrast to DM platelets, total p53 expression was not changed after

incubation of healthy platelets with HG.

It is well recognized that phosphorylation of p53 at serine 15 is mediated by oxidative

stress26–28. Therefore, we hypothesized that hyperglycemia-induced oxidative stress

(mediated by AR16) phosphorylated p53 in platelet, which translocates to the mitochondria

with Bcl-xL
29. Treatment with 10 μM epalrestat, an AR inhibitor, and the antioxidant N-

acetyl-cysteine attenuated the HG-induced phosphorylation of p53 (Fig 3A–B). Treatment

with Pifithrin-μ (PFT-μ), an inhibitor of p53 binding to mitochondrial Bcl-xL protein30,

attenuated the interaction with Bcl-xL, but had no effect on the phosphorylation of p53 (Fig

3B–C). Treatment with z-DEVD-fmk (downstream caspase-3 inhibitor) also showed no

effect on the phosphorylation of p53. The binding of Bcl-xL with immunoprecipitated p53

also increased in platelets incubated with HG, which is comparable to DM (Fig 3C),

suggesting that hyperglycemia enhanced phosphorylation of p53 and protein-protein

interaction with Bcl-xL. Treatment with ARI also attenuated the interaction between Bcl-xL

and p53, although the effect was less compared to PTF-μ (Fig 3C).
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We have previously shown in human platelets that high glucose can induce the

phosphorylation of p38α MAPK through AR activity9, and it is known that p53 can be

phosphorylated by the activation of p38α MAPK28, 31. In both DM and HG-treated

platelets, the phosphorylation of p38α MAPK was increased, which was attenuated by ARI

and SB239063 (p38α MAPK inhibitor). Inhibition of p38α MAPK also reduced the HG-

induced p53 phosphorylation, suggesting that AR activity increased the phosphorylation of

p38α MAPK, leading to p53 activation in human platelets under HG condition (Fig 3D).

With regards to mitochondrial function, HG platelets exhibited mild mitochondrial

alterations, including reduced Δψm and MPTP opening. Moreover, Annexin-V positive

platelets were also modestly increased under HG condition. All these changes were

attenuated by treatment with ARI or PFT-μ (Supp Fig 5A & 5B). Taken together, our results

demonstrated that a 2 hour hyperglycemia treatment is sufficient to activate p53 and lead to

mild mitochondrial dysfunction by increasing its phosphorylation and binding to Bcl-xL, and

this is at least in part due to AR activation and ROS production in platelets.

Platelet mitochondrial dysfunction in the huAR transgenic DM mice

Wild-type mice have very little native AR (analogous to a functional knockout). The lack of

AR may be a key reason why mice are resistant to the deleterious effect of hyperglycemia32.

We therefore induced DM in a mouse model where huAR was expressed and had activity

comparable to those found in human platelets (Supp Fig 6A). Blood glucose levels were

significantly elevated in DM mice and no significant difference was found in body weight

(Supp Fig 6B).

Consistent with the findings in DM patients, huAR transgenic murine platelets exhibit

dissipation of Δψm and PS externalization (apoptosis) under DM conditions. A clear

reduction in the TMRM positive population and significant increases in the Annexin-V

positive population was also observed in mouse platelets treated with 10 μM ABT-737 (Fig

4A). Likewise, mitochondrial superoxide and MPTP opening were significantly increased in

DM murine platelets (Fig 4B & 4C). All these results suggested that mitochondrial function

is severely altered in DM murine platelets where cellular apoptosis occurs.

We further studied whether phosphorylation of p53 at serine 15 was also found in DM

murine platelets. Consistent with our findings in human platelets, the expression of p53 and

its phosphorylation at serine 15 was increased in DM murine platelets (Fig 4D). Expression

of Bcl-xL was reduced, and Caspase-3 activation and cytochrome c release were increased in

DM murine platelets. Confirming our human data, the subcellular level of Bax and Bak was

not changed in DM murine platelets compared to non-DM (Fig 4E). Combined, these mouse

studies further validate our observations in human platelets where mitochondrial function is

altered in DM platelets, likely from AR-dependent activation of p53. Moreover, platelet

apoptosis may ensue.

AR contributes to acute hyperglycemia-induced mitochondrial dysfunction by increasing
p53 phosphorylation in non-DM murine platelet

To further understand how AR contributes to hyperglycemia-induced mitochondrial

alterations, huAR transgenic murine platelets (non-DM) were subjected to different
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concentrations of glucose for 2 hrs. For incubation with HG, Δψm was significantly

dissipated with concomitant PS externalization in huAR transgenic murine platelets in dose-

dependent manner, and the effect was markedly attenuated by the treatment with ARI (Fig

5A). The opening of MPTP also increased with treatment of 25 mM glucose, and was

restored by treatment with ARI (Fig 5B). This further supports a role of AR as a key player

in hyperglycemia-induced mitochondrial dysfunction. Consistent with mitochondrial

dysfunction, phosphorylation of p53 at serine 15 was significantly increased in murine

platelets incubated with 25 mM glucose, which was attenuated by AR inhibition (Fig 5C).

Taken together, our results demonstrate that huAR expression in murine platelets

exacerbates hyperglycemia-induced mitochondrial dysfunction through p53 activation.

Platelet activation and apoptosis are distinct states in DM human platelets

In DM human platelets, the dissipation of Δψm is so severe that there is concomitant

increase in PS externalization (Fig 6A). Such severe mitochondrial damage and apoptosis is

visible as a paucity in red staining (dissipation of Δψm) inside the green rings (PS

externalization). Treatment with 10 μM ABT-737 was also found to reduce Δψm and

increase PS externalization (Fig 6A). Also, compared with HS, a larger population of

Annexin-V positive platelets (apoptotic platelets) was found in both DM and ABT-737 (3%

vs 30% and 70%, respectively) treated platelets (Fig 6B). Using FACS analysis, we also

showed that DM platelets exhibited an increase in the apoptotic population compared with

HS platelets in a glucose (in vivo) dose dependent manner (Fig 6C). Consistent with severe

mitochondrial dysfunction and PS externalization, active caspase-3 and cytochrome c

release were also increased in the DM platelets (Fig 6D & 6E).

Since both activation and apoptosis can ensue in DM platelets, we sought to understand the

role of mitochondrial dysfunction in platelet activation. Platelets were divided into high

Δψm (red population) and low Δψm (blue population) according to TMRM fluorescence

using flow cytometry. Platelet activation, in response to 1 μM ADP, can be demonstrated by

an increase in size and shape change of the cell population to a narrower elongated shape33.

Platelet activation was observed in the red population of platelets incubated with either 5mM

or 15 mM glucose and DM platelets, suggesting that platelet with high Δψm contributes to

the platelet activation. However, ABT-737 treated platelets exhibited majority of blue

population, so the platelet activation in the red population was not found (Supp Fig 7A). In

addition, increased P-selectin expression as marker of platelet activation was found in

platelets incubated with either 5mM or 15 mM glucose but not in ABT-737 treated platelets

(Supp Fig 7B). These findings indicate distinct pools of platelets arising from

hyperglycemia. Depending on the severity of the mitochondrial damage caused by

hyperglycemia, platelets with a large decrease in Δψm does not respond to agonist

stimulation (apoptotic platelets), but those with mild (active platelets) or no decrease in Δψm

(normal platelets) were able to respond to ADP stimulation. Thus mitochondrial dysfunction

appears to play a central role in determining platelet activation or apoptosis under conditions

of hyperglycemia.
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Diabetes-induced platelet hyperreactivity leads to arterial thrombosis

It is well established that DM platelets can be hyperactive, as demonstrated by our

aggregation studies in human platelets (Supp Fig 8). Previous studies have shown that

increased platelet apoptosis, as indicated by increased phosphatidylserine externalization,

leads to increased procoagulant activity, which enhances thrombosis in rat34. Moreover

apoptosis induces increased platelet turnover and the ensuing larger younger platelets are

more active35, further contributing to increased thrombosis. To further study the role of AR

in platelet function in vivo, the carotid artery ligation was performed in our mouse model,

and the thrombus formation was assessed by H&E and immunofluorescent staining. After 7-

day carotid artery ligation (blood stasis model), thrombus formation was increased under

DM conditions, particularly in the presence of huAR (Figure 7A–B). Platelet deposition, as

determined by platelet marker CD41 staining, was also increased in the huAR mice

compared to NTg mice (Fig 7C). Under non-DM conditions, thrombus formation was not

significantly increased in huAR mice compared to NTg mice. Platelets from DM mice

showed increased aggregation in response to 10 μg/ml of collagen, and platelet aggregation

was increased in huAR mice compared to NTg mice (Figure 7D). These results support that

huAR expression contributes to DM-induced platelet hyperreactivity and apoptosis, leading

to the increased arterial thrombosis.

Discussion

We demonstrate for the first time that AR-mediated p53 phosphorylation contributes to Δψm

dissipation, MPTP activation, and mitochondrial dysfunction, damage and rupture in DM

platelets (Fig 8). This can result in Caspase-3 activation and PS externalization in DM

human platelets, features typical of apoptosis. These mechanistic studies provide new

insights into platelet abnormalities and potential therapy (e.g. AR inhibitors) in DM to

prevent cardiovascular complications.

We were surprised to discover that p53 played an important role in hyperglycemia-mediated

platelet mitochondria dysfunction. In addition to its role in transcription, p53 has been

demonstrated to have a direct apoptogenic role at the mitochondria19. In the present study,

hyperglycemia-induced phosphorylation of p53 at serine 15 was also found to contribute to

mitochondrial dysfunction, which was significantly attenuated by treatment with ARI and

antioxidant NAC. ROS is an early event in p53-induced mitochondrial damage36–38. AR

activity can induce the phosphorylation of p38α MAPK by increasing oxidative stress under

hyperglycemic condition9, 39, 40, leading to phosphorylation of p5328, 31. Consistent with

these studies, our results showed that pharmacological inhibition of p38α MAPK attenuated

the phosphorylation of p53 under hyperglycemia, indicating that AR activity contributes to

phosphorylation of p53 through the oxidative stress and activation of p38α MAPK.

Bcl-xL plays a central role in regulating platelet survival13. Moreover, loss of Bcl-xL results

in thrombocytopenia41. Consistent with the previous studies that Bcl-xL can be

downregulated in various DM tissues42–44, we also found that the expression of Bcl-xL was

reduced in DM platelets but not in acute hyperglycemia. Our study and another29 now

demonstrate that p53 phosphorylated at serine 15 can translocate into mitochondria, and

sequester Bcl-xL, leading to dissipation of Δψm. These results in human platelets showed
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that AR contributed to p53 phosphorylation and its binding to Bcl-xL through

hyperglycemia-induced oxidative stress, consequently leading to mitochondrial damage (Fig

8).

It has been previously suggested that platelet activation and apoptosis are closely related, as

Δψm dissipation, caspase-3 activation, and PS externalization were found with thrombin-

stimulated platelets45. Previous studies showed that Bax activation (a pro-apoptotic protein

that physically targets mitochondria)46 generates a subpopulation of highly activated

platelets, suggesting that mitochondria and Bcl-2 family proteins participate in the process

of platelet activation and mitochondrial damage and apoptosis. Therefore, it is plausible that

mitochondrial alteration as well as the resultant apoptotic signaling (caspase-3 activation &

PS externalization) is triggered in DM platelets, contributing to thrombus formation. Indeed,

patients with type 2 DM exhibit platelet hyperreactivity both in vitro and in vivo, coupled

with biochemical evidence of persistently increased thromboxane-dependent platelet

activation47, accelerated turnover of platelets48, increased platelet apoptosis and excessive

thrombus formation49. Consistent with such studies, we provide evidence that both platelet

activation and apoptosis ensue in DM platelets, and these two distinct processes are

dependent on the activity of AR as well as the resultant mitochondrial damage.

Phosphatidylserine (PS) externalization promotes thrombin formation 50, a marker for

procoagulant activity. Moreover, with increased apoptosis, increasing number of younger

platelets is released and these larger younger platelets are more active35. Taken together, the

present findings suggest that both platelet activation and apoptosis synergistically

contributes to increased thrombosis in DM.

Currently, over 19.7 million adults (8.3%) in the USA have diagnosed DM and 38.2% of the

USA adult population has prediabetes51. Sixty five percent of patients with DM will die

from thrombotic cardiovascular events where platelets play key roles52. Of great concern is

that 10 to 40% of DM patients are biochemically resistant to aspirin, the most commonly

used drug to prevent and treat heart attacks and strokes52, 53. New therapies targeting the

underlying mechanism for the platelet dysfunction are urgently warranted. Based upon our

studies we now propose that drugs targeting platelet AR/ROS/p53 may be effective against

hyperglycemic induced platelet dysfunction.

Study Limitations

The inherent fragile nature of platelets, particularly those from DM patients required that

studies be performed within a few hours of blood acquisition and thus many DM patient

recruits were required. However, the reproducibility and consistency from the use of 66

heterogeneous DM patient patients adds strength to our conclusions. Inherent differences are

known to exist between mouse and human platelets, particularly as mouse lack AR.

However, conferring p53 induction and mitochondrial sensitivity by overexpressing human

AR supports the importance of this hyperglycemia-induced signaling mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Alteration of mitochondrial function in platelet isolated from diabetic (DM) subjects. (A)
Mitochondrial membrane potential (ΔΨm) was measured by staining with 40 nM TMRM in

platelets isolated from HS and DM, and the platelets were visualized by staining with FITC-

CD 41. Healthy platelets treated with either 2 μM rotenone-treated or 20 μM antimycin were

used as controls to induce the reduction of ΔΨm. (B) ΔΨm was also measured by FACS.

Representative plots were shown. Data was presented as percentage of TMRM positive cells

± SD, n=5, ***P<0.001 compared with HS. (C) Mitochondrial superoxide production was

labeled with 5 μM MitoSOX™ Red (mean fluorescence ± SD, n=4, ***P<0.001 compared

with HS). (D) Electron microscopy images of HS and DM platelets. Arrows indicate rupture

of the mitochondrial outer membrane in DM sample.
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Figure 2.
Upregulation of p53 and its binding to Bcl-xL in DM platelets. (A) Subcellular fractionation

was performed to harvest the cytosolic and mitochondrial fractions. Representative western

blots are shown (n=5). (B) The expression and localization of Bcl-xL (Cy5), p53 and its

phosphorylation at serine 15 (green) were assessed by immunostaining in HS & DM

platelets (n=5). Mitochondria were visualized by staining with anti-OxPhos Complex V

(red). The bar represents 10 μm. (C) The binding of Bcl-xL to p53 was assessed by

immunoprecipitation in HS & DM platelets (mean ± SD, n=4 ***P<0.001 compared with

HS). The binding of Bcl-xL to phosphorylated p53 was also assessed by

immunoprecipitation in HS & DM platelets.
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Figure 3.
Aldose reductase contributes to hyperglycemia-induced p53 activation in human platelets.

(A) Platelets were incubated with either 5 mM (NG) or 25 mM (HG) glucose for 2 hours.

The expression and localization of Bcl-xL and phosphorylated p53 (serine 15) were assessed

by immunostaining in NG, HG, and HG platelets treated with 10 μM epalrestat (HG+ARI)

(n=4). Platelets were stained with anti-phospho-p53 (green) and anti-Bcl-xL (Cy5).

Mitochondria were visualized by staining with anti-OxPhos Complex V inhibitor protein

(red). The bar represents 10 μm. (B) The phosphorylation of p53 was also assessed by

Western blot in NG, HG, HG+ARI, HG+20 μM PFT-μ, HG+20 μM z-DEVD-fmk, and 1

mM antioxidant N-acetyl-cysteine (NAC), and normalized by total p53 expression. The

representative blots are shown (n=4). (C) The binding of Bcl-xL to p53 was assessed by

immunoprecipitation in NG, HG and DM platelets. The effect of ARI, PFT-μ and z-DEVD-

fmk on the p53 and Bcl-xL interaction was also studied in the HG platelets. Representative

blots are shown (mean ± SD, n=4 ***P<0.001 & **P<0.01 compared with NG; ##P<0.01

& #P<0.05 compared with HG). (D) The phosphorylation of p38α MAPK and p53 were

assessed by Western blot in NG, DM, HG+ARI & HG+ 50 μM SB239063, and normalized

by total p38α MAPK and p53 expression. The representative blots are shown (n=4).
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Figure 4.
Alteration of mitochondrial function in platelet isolated from huAR transgenic diabetic

mouse. (A) Mitochondrial membrane potential (ΔΨm) was measured by staining with 40 nM

TMRM, and PS externalization was assessed with FITC-Annexin V. Murine platelets were

treated with 10 μM ABT-737 to serve as a positive control for apoptosis. Data was presented

as percentage of TMRM or Annexin-V positive cells ± SD (n=6), ***P<0.001 compared

with the corresponding non-DM. (B) Mitochondrial superoxide production was labeled with

5 μM MitoSOX™ Red. Data was presented as mean fluorescence ± SD (n=4), ***P<0.001

compared with non-DM. (C) Activation of MPTP was assessed by loss of retained calcein

fluorescence. Data was presented as a percentage of retained calcein fluorescence ± SD

(n=4). ***P<0.001 compared with non-DM. (D) The total expression of p53, Bcl-xL,

phosphorylated p53 (serine 15) and active caspase-3 was determined by Western blot.

Representative blots are shown (n=4). (E) The expression of Bax, Bak and cytochrome c

(Cyto c) was determined by Western blot in cytosolic and mitochondrial fractions.

Representative blots are shown (n=4).
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Figure 5.
Requirement of aldose reductase for hyperglycemia-induced mitochondrial dysfunction in

mouse platelet. (A) Mitochondrial membrane potential (ΔΨm) was measured by staining

with 40 nM TMRM, and PS externalization was assessed by labeling with FITC-Annexin V.

Platelets of huAR mice were incubated with different concentration of glucose (i.e. 5, 15 and

25 mM glucose), and the role of AR was determined by pre-treatment with 10 μM epalrestat

(ARI). For TMRM staining, data was presented as mean percentage of TMRM positive

platelets ± SD (n=4), ***P<0.001, *P<0.05 compared with 5 mM glucose group in the

absence of ARI; ##P<0.01 compared with 5mM glucose group in the presence of ARI. For

Annexin-V staining, data was presented as mean percentage of Annexin-V positive platelets

± SD (n=4). ***P<0.001, compared with 5 mM glucose group in the absence of ARI;

###P<0.001 compared with 5mM glucose group in the presence of ARI. (B) Activation of

MPTP was assessed by loss of retained calcein fluorescence. Data was presented as mean

percentage of retained calcein fluorescence ± SD (n=4). **P<0.01 compared with huAR;

#P<0.05 compared with huAR incubated with 25 mM glucose. (C) The phosphorylation of

p53 was assessed by Western blot in huAR platelets incubated with normal or 25 mM

glucose. The level of phosphorylated p53 was normalized to total p53 expression.

Representative blots are shown (n=4).
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Figure 6.
DM induces apoptotic features in human platelets. (A) Phosphatiydylserine (PS)

externalization assessed by labeling with FITC-Annexin V in platelets isolated from healthy

(HS) and diabetic (DM), and mitochondrial membrane potential (ΔΨm) was measured by

staining with 40 nM TMRM. Healthy platelets treated with 10 μM ABT-737 were used as an

apoptosis control. Apoptotic platelets were characterized by PS externalization (green ring)

with low ΔΨm (see arrow). (B) PS externalization was presented as mean percentage of

Annexin V positive platelets ± SD (n=5). ***P<0.001 compared with HS. (C)
Representative dot blots showing TMRM and Annexin V staining in HS and DM subjects.

Plasma blood glucose levels were measured. (D) Release of cytochrome c (Cyto c) into the

cytosol was measured by Western blot in HS and DM platelets (n=3). (E) Caspase 3

activation was assessed by immunostaining in platelets (n=3).
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Figure 7.
Aldose reductase exacerbates thrombus formation after carotid artery ligation in diabetic

mice. (A) H&E staining of serial cross sections from a ligated carotid artery from non-

transgenic (NTg) and huAR-transgenic (huAR) mice (with or without DM) after 7 days

(upper panel; bar=10 μm; n=4). (B) The percentage of thrombosis in the ligated carotid

artery was calculated by dividing the area of thrombus by the area of the vessel lumen (area

of thrombus/area of lumen from multiple contiguous sections). Data was presented as mean

± SD (n=4 mice). ***P<0.001 & **P<0.01 compared with NTg; ###P<0.001 & #P<0.05

compared with huAR; $P<0.05 compared with NTg-DM. (C) Platelet deposition in

thrombus after carotid artery ligation was assessed by the immunohistochemical detection of

platelets using FITC-CD41 antibody in NTg and huAR mice. Nucleated cells were

visualized by DAPI staining (lower panel; bar=10 μm; n=4). (D) Aggregation of mouse

platelet was measured by light transmission aggregometer in response to 10 μg/ml collagen.

Data was presented as mean ± SD (n=4). ***P<0.001 & *P<0.05 compared with NTg;

###P<0.001 & #P<0.05 compared with huAR; $P<0.05 compared with NTg-DM.
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Figure 8.
The proposed mechanism for the mitochondrial dysfunction in diabetic platelets.

Hyperglycemia-induced oxidative stress via AR activation leads to phosphorylation of p53,

inhibiting the anti-apoptotic function of Bcl-xL, thereby increasing the mitochondrial

transition pore (MPTP) formation and dissipating membrane potential and mitochondrial

dysfunction or damage. This will in turn activate caspase-3, leading to platelet apoptosis

when severe, or platelet activation when mild. A table is presented which summarizes the

signaling component changes under each condition; normal glucose in healthy subjects, high

glucose (healthy subjects), and recurrent high glucose (DM subjects).
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