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Abstract

Objective: Hyperglycemia is a common comorbidity for ischemic stroke, and is associated with 

worsened neurological outcomes. Platelets are central mediators of ischemic stroke and 

hyperglycemia mediates platelet hyperactivity. In this study, we investigated the contribution of 

platelet glucose metabolism to ischemic stroke.

Methods: Mice lacking both Glut1 and Glut3 specifically in platelets (DKO) and their littermate 

controls (WT) were subjected to one-hour transient middle cerebral artery occlusion under 

normoglycemic and streptozotocin-induced hyperglycemic conditions after which, stroke volume, 

platelet activation, and platelet-neutrophil aggregate (PNA) formation were examined.

Results: Under normoglycemic conditions, DKO mice were protected from ischemic stroke with 

smaller brain infarct volumes and improved cerebral blood flow. In addition, DKO mice had 

reduced platelet activation, PNAs, and cerebral neutrophil recruitment after stroke. Hyperglycemia 

significantly increased infarct size and cerebral Evans blue extravasation and worsened 

neurological outcomes and cerebral blood flow in both WT and DKO mice, abolishing the 

protective effect witnessed under normoglycemic conditions. Flow cytometric analysis after stroke 

demonstrated increased platelet activation and neutrophil trafficking to the brain, independent of 

platelet glucose metabolism. Finally, platelets from healthy DKO mice were unable to become 

procoagulant upon dual agonist stimulation. Conversely, hyperglycemia increased platelet 

mitochondrial ROS production which potentiated procoagulant platelet formation in WT mice and 

restored procoagulant platelet formation in DKO mice.

Conclusion: Hyperglycemia aggravates ischemic stroke outcome independent of platelet glucose 

uptake. Furthermore, we demonstrated that hyperglycemia primes procoagulant platelet formation. 

This underlines the therapeutic potential for strategies targeting procoagulant platelet formation for 

the treatment of acute ischemic stroke.
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Introduction

Hyperglycemia is one of the most common comorbidities in ischemic stroke patients and it 

is associated with brain infarct growth, hemorrhagic transformation and worsened 

neurological outcomes.[1,2] Several experimental and clinical stroke studies have 

established thromboinflammation as a key mediator of ischemic stroke brain damage.[3] 

Interestingly, hyperglycemia facilitates thromboinflammation by activating the endothelium, 

platelets and neutrophils. In the setting of stroke, this was shown to impair post-stroke 

cerebral blood flow, disrupt the blood–brain barrier, and cause hemorrhagic transformation.

[4,5] Yet, the exact mechanisms underlying these observations are incompletely understood.

Recently, we demonstrated a critical role for procoagulant platelets in mediating the 

formation and trafficking of platelet-neutrophil aggregates to the brain, impairing cerebral 

blood flow and thereby aggravating ischemic stroke outcomes.[6] Importantly, targeting 

platelet Glycoprotein VI, a key mediator of procoagulant platelet formation, protects 

hyperglycemic mice from ischemic stroke, indicating a crucial role for procoagulant 

platelets also in the setting of hyperglycemic stroke.[7]

Platelet glucose is a key regulator of platelet activation and the formation of procoagulant 

platelets.[8] In addition, platelets in the setting of hyperglycemia, demonstrate increased 

activation and contribute to in vivo thrombosis, which can be prevented when platelet 

glucose metabolism is abolish through deletion of Glut1 and Glut3, the primary glucose 

transporters in platelets.[9] However, the role of platelet glucose metabolism in ischemic 

stroke injury has never been examined. Furthermore, whether procoagulant platelet 

formation in the setting of hyperglycemia regulates ischemia-reperfusion injury is 

completely unknown. In this study, we investigated the role of platelet glucose metabolism 

in ischemic stroke under normoglycemic and hyperglycemic conditions. While platelet 

glucose metabolism regulates the formation of procoagulant platelet formation and ischemic 

stroke brain injury during normoglycemia, we surprisingly found hyperglycemia potentiates 

procoagulant platelet formation and exacerbates ischemic stroke brain injury independent of 

platelet glucose uptake.

Materials and Methods

Mice

All animal experiments complied with the regulatory standards of the University of Utah and 

were performed following the ARRIVE guidelines (www.nc3rs.org.uk), including 

randomization and analysis blind to the genotype. The generation of platelet specific Glut1 

and Glut3 deficient mice has been previously described.[8] All experiments were performed 

using 8- to 12-week-old age- and gender-matched littermates. Male and female mice were 

used in all experiments.

Denorme et al. Page 2

J Thromb Haemost. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nc3rs.org.uk


Streptozotocin induced hyperglycemia

Streptozotocin (STZ) (Sigma Aldrich, St. Louis, MO) was dissolved in 0.1 M sodium citrate 

and administered to 4 hours fasted mice by intraperitoneal injections at 50 mg/kg daily for 5 

consecutive days at 6 weeks of age. Mice were housed for an additional two weeks before 

using them in experiments. Non-fasting blood glucose concentrations were determined by 

tail-clip blood draw with a Contour clinical glucometer (Bayer, Leverkusen, Germany). Only 

mice with non-fasting blood glucose exceeding 300 mg/dL were used for experiments.

Ischemic stroke model

Transient middle cerebral artery occlusion (tMCAO) was performed as described previously.

[6] Briefly, occlusion of the right MCA was achieved by inserting a standardized 

monofilament (Doccol Corp, Redlands, CA) via the right internal carotid artery to occlude 

the origin of the right MCA. The occluding suture was left in situ for 60 minutes. Induction 

of ischemic stroke was confirmed by neurological testing of the mice while the MCA was 

occluded. Anesthesia was induced by inhalation of 5% isoflurane and maintained by 

inhalation of 2% isoflurane. Buprenorphine was administered one hour before surgery and 

every 12 hours as needed. Sham surgery was performed similarly, without insertion of the 

monofilament.

The following conditions excluded mice from endpoint analyses (exclusion criteria): (1) 

death within 24 hours after tMCAO, (2) operation time > 10 minutes or (3) when surgical 

complications occurred. Of the 120 mice subjected to tMCAO, 17 mice (14.1%) met at least 

1 of the exclusion criteria after randomization. Five were excluded because they died during 

the time of the experiment (exclusion criterion (1)). No difference in mortality rate was 

observed between the groups assessed. The remaining 12 mice were excluded due to 

surgical complications determined after sacrifice (exclusion criterion (3)). During these 

experiments, no mice needed to be eliminated due to exclusion criterion (2): operation time 

>10 minutes.

Neurological Tests

Twenty-four hours after ischemic stroke, neurological and motor functions were assessed as 

described previously by the modified Bederson test and the grip test, respectively.[6]

Cerebral lesion quantification

To quantity ischemic stroke brain damage, 2-mm-thick coronal brain sections were stained 

with 2% 2,3,5-triphenyl-tetrazolium chloride (TTC, Sigma-Aldrich, Saint Louis, MO) to 

distinguish unaffected brain tissue from infarcted tissue, 24 hours after stroke induction. 

Stained slices were photographed and infarct areas (white) were measured using Image J 

software (National Institutes of Health, Bethesda, MD) by an operator blinded for genotype.

Evans blue extravasation

Twenty-four hours after stroke, mice were injected intravenously via the retroorbital plexus 

with 100 μL 2% Evans Blue. Two hours later, mice were euthanized and perfused with 

phosphate buffered saline. To quantify Evans blue extravasation, 2-mm-thick coronal 
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sections were photographed and measured using Image J software (National Institutes of 

Health, Bethesda, MD) by an operator blinded for genotype.

Monitoring of cerebral blood flow

For cerebral blood flow measurements, a fiber optic probe (moorVMS-LDF1; Moor 

Instruments; Devon, UK) was placed in the vascular territory of the right MCA. Changes in 

blood flow were determined by laser Doppler flow.[10]

Analysis of whole blood platelet activation

Twenty-four hours after stroke, blood was collected and diluted 1:100 into M199 

supplemented with 100 U/mL heparin. Diluted whole blood was stained with rat anti-mouse 

CD41 APC (MWREG30, ThermoFisher), anti-P-selectin (Wug.E9-PE, Emfret) and JON/A 

antibody (M023-2, Emfret). Samples were incubated for 15 minutes at 37°C and 

subsequently fixed with BD FACS lysis buffer and analysed on a Beckman Coulter Cytoflex 

(Beckman-Coulter, Pasadena, CA) located in the Utah Flow Cytometry Core.

Analysis of circulating Platelet-Leukocyte Aggregates

Twenty-four hours after stroke, blood was collected and diluted 1:10 into M199 

supplemented with 100 U/mL heparin. For the detection of platelet-neutrophil aggregates, 

diluted blood was stained with rat anti-mouse CD41 APC (MWREG30, ThermoFisher) and 

rat anti-mouse Ly6G BV510 (Biolegend, San Diego, CA). For the detection of platelet-

monocyte aggregates, diluted blood was stained with rat anti-mouse CD41 APC 

(MWREG30, ThermoFisher) and rat anti-mouse Ly6C FITC. Samples were incubated for 15 

minutes at 37°C, fixed with BD FACS lysis buffer and analysed on a Beckman Coulter 

Cytoflex located in the Utah Flow Cytometry Core.

Analysis of circulating procoagulant platelets

Twenty-four hours after stroke, mice were euthanized, and platelets were isolated from 

whole blood after cardiac puncture. Whole blood was drawn into sodium citrate (1:9), 

diluted to 2ml with PIPES-saline-glucose buffer (PSG) and centrifuged at 150 x g for 5 

minutes. PGE1 was added to the platelet-rich plasma which was subsequently centrifuged at 

400xg for 10min. Platelets were resuspended in PSG and subsequently diluted to a 

concentration of 1x 107 in M199. Washed platelets were stained with rat anti-mouse CD41 

APC (MWREG30) and FITC-conjugated annexinV (BioLegend) for 15 minutes and 

immediately analysed on a Beckman Coulter Cytoflex located in the Utah Flow Cytometry 

Core.

Flow cytometric analysis of cerebral neutrophil recruitment

Twenty-four hours after stroke, mice were euthanized and single-cell suspensions were made 

of the ischemic (ipsilateral) hemispheres as previously described.[11] Cells were incubated 

with CD45 APC-cy7 (Biolegend), CD11b PE-cy7 (Ebioscience), Ly6G BV510 (Biolegend), 

CD41 APC (MWREG30, ThermoFisher) and CD16/CD32 (Fc-block, EBioscience) for 30 

minutes at room temperature in PBS + 5% FBS. Thirty minutes later, cells were washed, 

fixed and ran on a Beckman Coulter Cytoflex located in the Utah Flow Cytometry Core.
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Procoagulant platelet formation assay

Blood was drawn from the retro-orbital plexus into sodium citrate (1:9) and diluted 1:1 with 

PIPES-Saline-Glucose (PSG). Platelets were washed twice in PSG before being resuspended 

at a concentration of 1x 107 in M199. Washed platelets were stained with rat anti-mouse 

CD41 APC (MWREG30) and FITC-conjugated annexinV (BioLegend) and stimulated for 

15 minutes with 150 ng/mL of CRP and 0.05 U/mL of thrombin. Samples were immediately 

analysed on a Beckman Coulter Cytoflex located in the Utah Flow Cytometry Core.

Mitochondrial ROS measurement

To measure mitochondrial reactive oxygen species, washed platelets were resuspended in 

M199 in the presence of MitoTracker Green (200 nM, final; ThermoFisher) and MitoSox 

Red (200 nM, final; ThermoFisher) for 40 minutes at 37°C. Samples were immediately run 

on a Beckman Coulter Cytoflex.

Western blotting

Platelets were isolated and analyzed for protein after cardiac puncture as described before.

[12]

Statistical analyses

For statistical analyses Graph Pad Prism Version 8.1.1. was used (GraphPad Software, La 

Jolla, CA). Normality of data was done prior to statistical analysis by a D’Agostino and 

Pearson normality test. The number of animals included in each group was based on power 

calculations with infarct volume as primary parameter and with mean differences and 

standard deviations taken from available data from the same tMCAO model (power of 80% 

and α of 0.05).

An unpaired T-test or one-way ANOVA with Dunnett’s post-hoc test or a Mann-Whitney 

test was used for statistical comparison when appropriate. In the case of non-parametric data 

(Bederson and grip-test score) a Kruskal–Wallis test with post-hoc Dunn correction was 

performed. A repeated measures ANOVA was used to compare changes in laser Doppler 

blood flow. All data are represented as mean ± standard deviation. A 2-tailed P < 0.05 was 

considered statistically significant.

Results

Ablation of platelet glucose metabolism protects mice from ischemic stroke brain injury.

Platelet-specific Glut1 and Glut3 double knock-out (DKO) mice are unable to take up 

glucose from the extracellular compartment and can therefore not metabolize glucose in 

their platelets.[8] To examine the contribution of platelet glucose metabolism to ischemic 

stroke, DKO mice and their littermate wild-type (WT) controls were subjected to one hour 

tMCAO. Ischemic stroke brain damage was determined 24 hours after stroke onset by 

measuring infarct size. Infarct volumes were significantly smaller in mice lacking platelet 

Glut1 and Glut3 (Figure 1A-B). On average, WT mice had infarct volumes of 69.5 ± 26.1 

mm3 while average infarct volumes in DKO mice were 44.5 ± 19.8mm3 (p = 0.019). The 

reduction in infarct size was associated minor improvement in neurological scoring 
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(measured with the Bederson Test, Figure 1C) and motor function (measured with the Grip 

Test, Figure 1D).

Platelet glucose metabolism is required for thrombo-inflammation after stroke.

Previously, it was shown that DKO mice have impaired platelet activation responses.[8] To 

investigate whether stroke-induced platelet activation was different between DKO and WT 

mice, we measured platelet P-selectin expression and JON/A binding, a marker for 

GPIIbIIIa activation. Platelets from DKO mice expressed significantly less platelet P-

selectin (Figure 2A) and had significantly less JON/A binding (Figure 2B) compared to WT 

mice 24 hours after stroke. As P-selectin and GPIIbIIIa are important receptors for platelet-

leukocyte aggregate formation, we subsequently measured platelet-neutrophil and platelet-

monocyte aggregates 24 hours after stroke. Circulating platelet-neutrophil aggregates 

(PNAs) were significantly increased in WT mice compared to DKO mice (29.3 ± 3.3% vs. 

23.3 ± 2.7%, p=0.0006; Figure 2D). In contrast, circulating platelet-monocyte aggregates 

(PMAs) were not different (Figure 2C).

As neutrophils are critical drivers of ischemic stroke brain injury, we next examined cerebral 

neutrophil recruitment in WT and DKO mice. The infarcted brain hemisphere from WT and 

DKO mice was dissected 24 hours after stroke, stained for neutrophils, and analyzed by flow 

cytometry. Quantification of neutrophil recruitment demonstrated a 50% decrease in 

neutrophil recruitment to the affected brain hemispheres of DKO mice compared to WT 

mice (1537±529 vs. 678±588, p=0.05; Figure 2E).

Hyperglycemia worsens ischemic stroke outcome irrespective of platelet glucose uptake

To examine the direct consequence of altered glucose utilization in platelets in the setting of 

hyperglycemic stroke, we induced type 1 diabetes (T1D) in DKO mice and littermate WT 

controls. The day before surgery, blood glucose was significantly elevated in T1D WT and 

DKO mice compared to vehicle-treated controls (465.1 ± 66.4 vs. 132.9 ± 24.1 mg/dL and 

465.3 ± 99.8 vs. 137.3 ± 19 mg/dL, respectively; p<0.0001; Supplemental Figure 1A). 

Previously, we have demonstrated platelet glucose metabolism and glycogen content are 

altered only in platelets from WT mice not DKO mice under normo- and hyperglycemic 

conditions.[9] Here we found blood glucose levels evolved similarly during ischemia and 

after reperfusion in WT and DKO mice under normoglycemic and hyperglycemic conditions 

(Supplemental Figure 1B).

The effect of hyperglycemia on cerebral ischemia/reperfusion injury was determined by 

comparing ischemic stroke brain damage and stroke outcomes 24 hours after tMCAO in 

T1D and control WT and DKO mice. Hyperglycemia significantly increased infarct volume 

in WT mice (Figure 3A and B). Unexpectedly, hyperglycemia induced an even more 

pronounced increase in infarct volume in DKO mice (Figure 3A and B). As hyperglycemia 

induces blood brain barrier (BBB) dysfunction, we next examined Evans blue extravasation 

after stroke in WT and DKO mice under normoglycemic and hyperglycemic conditions. In 

normoglycemic mice, BBB disruption was not observed either in WT or DKO mice (Figure 

3C and D). However, hyperglycemia induced significant BBB disruption to a similar extent 

in WT and DKO mice, 24 hours after stroke (Figure 3C and D). Accordingly, hyperglycemia 
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was associated with worsened neurological and motor outcome in WT and DKO mice 

(Figure 3E and F).

Finally, we examined cerebral blood flow (CBF) in WT and DKO mice under normo- and 

hyperglycemic conditions to determine if stroke outcomes could be attributed to differences 

in CBF. Under normoglycemic conditions, DKO mice had greater CBF in the reperfusion 

phase after stroke (Figure 3G). During ischemia, and when reperfusion was allowed, CBF 

was undistinguishable between WT and DKO mice. However, 3 hours after stroke onset, 

CBF was improved in DKO mice compared to WT mice (63.8 ± 6.4% vs. 48.7 ± 6.4%, p = 

0.16). This change in CBF continued and became significant at 24 hours (62.4 ± 8.9% vs. 

39.3 ± 4.3%, p = 0.01). Under hyperglycemic conditions, CBF was similarly impaired in 

WT and DKO mice at all time points assessed in the reperfusion phase (Figure 3H). 

Interestingly, CBF dropped faster and more severely in hyperglycemic mice compared to 

normoglycemic mice in both WT and DKO animals (Figure 3G and H).

Platelet-specific Glut1 and Glut3 deficiency does not affect thrombo-inflammation under 
hyperglycemic conditions

Since platelet activation and neutrophil trafficking to the brain were significantly different 

between WT and DKO mice after stroke under normoglycemic conditions, we wanted to 

investigate whether this was still different under hyperglycemic conditions. To address this, 

we examined platelet activation, platelet-leukocyte aggregate formation and cerebral 

neutrophil recruitment in the setting of stroke under hyperglycemic conditions using flow 

cytometry. Both platelet P-selectin expression and JON/A binding were similar between 

hyperglycemic WT and DKO mice, 24 hours after stroke (Figure 4A and B). Likewise, 

circulating platelet-neutrophil aggregates and platelet-monocyte aggregates were similar 

between hyperglycemic WT and DKO mice (Figure 4C and D). This resulted in similar 

neutrophil trafficking to the brain in hyperglycemic WT and DKO mice (Figure 4E). 

Interestingly, in particular platelet-leukocyte aggregate formation was increased when 

hyperglycemic mice were compared to normoglycemic mice (Figure 2 and 4). Taken 

together, our results demonstrate hyperglycemia increases the formation of platelet-

neutrophil complexes and the recruitment of neutrophils to the ischemic stroke brain, 

independent of platelet glucose uptake.

Hyperglycemia potentiates procoagulant platelet formation during ischemic stroke

Recently, we discovered procoagulant platelets as critical mediators of detrimental platelet-

neutrophil interactions during cerebral ischemia/reperfusion injury.[6] Procoagulant platelets 

are a distinct population of activated platelets expressing high levels of phosphatidyl serine 

on their surface (PShigh). To investigate the contribution of procoagulant platelets to 

hyperglycemia mediated exacerbation of stroke, we measured circulating procoagulant 

platelets in WT and DKO mice subjected to sham surgery or stroke under normoglycemic 

and hyperglycemic conditions 24 hours after surgery (Figure 5A, Supplemental Figure 2). 

Stroke induced a significant increase in circulating procoagulant platelets in WT animals 

(4.7 ± 0.8% vs. 0.7 ± 0.18%, p = 0.001). In contrast, procoagulant platelets were not 

increased in DKO animals after stroke (2.7 ± 0.8% vs. 1.3 ± 0.3%, p = 0.4). Moreover, 

hyperglycemia increased the amount of procoagulant platelets circulating after stroke both in 
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WT (7 ± 1.9%; p = 0.02) and DKO mice (6.2 ± 1.8%; p = 0.0004). Of note, circulating 

procoagulant platelets were unaffected by hyperglycemia in sham operated animals.

To investigate if the observed increase in procoagulant platelets was due to increased stroke 

severity or whether platelets from hyperglycemic mice had an increased procoagulant 

platelet potential, we isolated platelets from healthy and T1D WT and DKO mice and 

studied their ability to make procoagulant platelets in vitro. Interestingly, when healthy DKO 

platelets were stimulated with thrombin and collagen related peptide (CRP), only 2.2±0.5% 

platelets expressed high levels of PS on their surface, while in healthy WT animals this was 

11.3±3.1% of platelets (Figure 5B, Supplemental Figure 3). Conversely, hyperglycemia 

mildly potentiated procoagulant platelet formation in WT animals (16.4±3% PShigh 

platelets, p=0.042) and restored procoagulant platelet formation in DKO animals 

(11.3±4.3% PShigh platelets, p=0.0003).

Hyperglycemia induces mitochondrial dysfunction independent of platelet glucose uptake

In the same model of streptozotocin-induced hyperglycemia, it was previously shown that 

Cyclophilin D (CypD) expression was increased in brain mitochondria.[13] As CypD is 

essential in the formation of procoagulant platelets, we hypothesized increased expression of 

CypD could potentiate procoagulant platelet formation. However, no increase in CypD 

expression was observed in platelets isolated from hyperglycemic mice (Supplemental 

Figure 4).

Procoagulant platelet formation is dependent on platelet mitochondria and mitochondrial 

dysfunction could contribute to procoagulant platelet formation through increased 

generation of reactive oxygen species (ROS). To address this, we measured mitochondrial 

ROS generation by MitoSOX staining in WT and DKO mice, under normoglycemic and 

hyperglycemic conditions. Hyperglycemia increased mitochondrial ROS production both in 

WT and DKO mice (Figure 6).

Discussion

In this study, we demonstrated that platelet glucose metabolism is essential for platelet 

activation and platelet-leukocyte aggregate formation contributing to ischemic stroke brain 

injury in healthy adult mice. Surprisingly, this protective phenotype was eliminated in 

hyperglycemic, diabetic mice. These results imply platelet dysfunction caused by systemic 

hyperglycemia rather than direct platelet glucose uptake contributes to exacerbated stroke 

outcomes in diabetic mice.

Previously, we demonstrated that simultaneous deletion of platelet glucose transporters 

GLUT1 and GLUT3 completely abolishes platelet glucose uptake.[8] This lack of glucose 

metabolism results in decreased platelet activation and thrombosis through impairment of 

Ca2+ signaling, degranulation, and integrin activation. In line with these previous results, we 

now report similar observations in the setting of ischemic stroke. After ischemic stroke brain 

injury, we observed less α-granule release, as measured by platelet P-selectin expression, 

and reduced activation of the integrin GPIIbIIIa. Furthermore, platelet-neutrophil aggregate 

formation was reduced in GLUT1/3 DKO mice. This reduction in platelet activation and 
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subsequent platelet-neutrophil aggregate formation resulted in reduced cerebral 

inflammation and enhanced cerebral blood flow, contributing to improved ischemic stroke 

outcomes. While deletion of GLUT1/3, significantly reduced infarct size, we observed little 

improvement in neurological and motor function potentially due to modest reduction in 

infarct size.[14] Of note, GLUT1/3 DKO mice also have reduced platelet counts due to 

impaired pro-platelet formation and increased platelet clearance.[8] However, since only 

severe thrombocytopenia protects mice from ischemic stroke brain injury[15], the ~40% 

reduction in platelet counts in GLUT1/3 DKO mice is unlikely to contribute to the observed 

protective effect in our stroke model.

Patients with hyperglycemia are at higher risk of ischemic events[1,2,16-18] and this is 

partially attributed to increased platelet activation.[19] Importantly, inhibition of platelet 

receptors GPIb or GPVI protect hyperglycemic mice from ischemic stroke, underscoring the 

role of platelets in ischemic stroke brain injury under hyperglycemic conditions.[7] Previous 

studies have correlated platelet activation with glucose metabolism[20] and in a model of 

pulmonary embolism, the hyperglycemia-associated increase in thrombosis could be 

abolished by platelet-specific deletion of GLUT1 and 3.[9] In contrast, we now report that 

platelet glucose metabolism is not involved in hyperglycemia-aggravated ischemic stroke 

outcomes. Our results highlight the complexity of ischemic stroke pathophysiology and offer 

a potential explanation for the failure of clinical trials acutely lowering glucose levels in 

stroke patients.[21] Independent of platelet glucose uptake, hyperglycemia increased platelet 

activation and procoagulant platelet formation after stroke and potentiated platelet-

neutrophil interactions resulting in aggravated ischemic stroke brain injury, disruption of the 

blood brain barrier, and worsened neurological and motor outcomes.

Platelets and neutrophils cooperate to exacerbate ischemic stroke brain injury[3], and this is 

more pronounced under hyperglycemic conditions.[4] We recently found a critical role for 

procoagulant platelets mediating the formation of detrimental platelet-neutrophil aggregates 

in ischemic stroke.[6] Interestingly, platelets from DKO mice are unable to form 

procoagulant platelets[8], which may contribute to the protective phenotype of DKO mice in 

this stroke model. Conversely, we found hyperglycemic DKO mice can form procoagulant 

platelets. We also observed hyperglycemic WT mice generated more procoagulant platelets. 

Previously, it was demonstrated that diabetes potentiates GPVI-mediated platelet 

activation[20,22] and induces mitochondrial dysfunction leading to the formation of 

procoagulant platelets.[23] Our observation of increased procoagulant activity irrespective of 

platelet glucose uptake imply glucose uptake is not the sole driver of platelet hyperreactivity 

in diabetes. Besides glucose, free fatty acids[9], oxLDL[24,25] and cytokines such as 

TNFα[26,27] are increased in diabetes. Importantly, all of these have been shown to 

increase platelet reactivity and even procoagulant platelet formation, due to mitochondrial 

ROS production.[28-30] In our study, we report increased mitochondrial ROS in both 

hyperglycemic WT and DKO mice, implying systemic hyperglycemia rather than direct 

glucose uptake by platelets contributes to mitochondrial disfunction in platelets from 

diabetic mice. Furthermore, DKO platelets under metabolic stress have increased 

mitochondrial dysfunction, resulting in increased calpain activation and phosphatidylserine 

exposure[8], which might also contribute to increased procoagulant platelet formation in 

DKO platelets. An interesting player in all of these processes is the scavenging receptor 
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CD36 and its downstream effector ERK5, which is a redox-sensor.[31] Signaling through 

this pathway by various agents has been shown to potentiate GPVI mediated signaling and 

subsequent procoagulant platelet formation.[31] We hypothesize the increase in 

procoagulant platelets drives the increase in injurious platelet-neutrophil interactions in the 

hyperglycemic stroke brain. However, future research is warranted to investigate how 

procoagulant platelets formation is altered in the setting of diabetes and stroke and whether 

targeting procoagulant platelet formation confers protection from ischemic stroke brain 

injury under hyperglycemic conditions.

Ischemia reperfusion injury is common in other critically ill-patients, including cardiac[32], 

gut[33] and renal ischemia[34] where thrombosis is common. While our findings are mostly 

directly applicable to cerebral ischemia, our results may have significant implications to 

these other disease states where diabetes also significantly contributes to morbidity.[35,36] 

In our study, we also observed increased circulating platelet-monocyte aggregates after 

stroke in hyperglycemic mice. While previous studies have found no effect for monocytes in 

models of acute ischemic stroke[37], the increase in platelet-monocyte interactions under 

hyperglycemic conditions might contribute to other thromboinflammatory diseases. Lastly, a 

limitation of our study is we primarily focused on platelet glucose metabolism. While 

platelets are key players in ischemic stroke brain injury, they are not the only cells that play 

a role in stroke pathophysiology. Previous studies have shown that hyperglycemia primes 

neutrophils[38] and activates the endothelium.[39] How glucose metabolism specifically in 

these cells impacts stroke outcomes remains to be investigated.

In conclusion, we demonstrate hyperglycemia primes procoagulant platelet formation and 

exacerbates ischemic stroke outcomes independent of platelet glucose uptake. This 

underlines the therapeutic potential for strategies targeting procoagulant platelet formation 

for the treatment of ischemic stroke.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Essentials

• Hyperglycemia is a comorbidity for ischemic stroke and mediates platelet 

hyperactivity.

• Dysregulated platelet glucose metabolism protects mice from ischemic stroke 

under normoglycemic conditions.

• Hyperglycemia potentiates procoagulant platelet formation and aggravates 

ischemic stroke outcomes independent of platelet glucose uptake.

• Hyperglycemia increases mitochondrial ROS in platelets independent of 

platelet glucose uptake.
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Figure 1. Platelet-specific deficiency of Glut 1 and 3 protects mice from acute ischemic stroke.
Platelet-specific Glut 1 and 3 deficient (DKO) mice or control mice (WT) were subjected to 

one-hour tMCAO. (A) Representative brain sections were stained with 2,3,5-triphenyl-

tetrazolium chloride. Red areas indicate healthy brain tissue, while white areas show 

infarcted brain tissue. (B) Quantification of brain infarct volumes 24 hours after stroke. (C) 

The Bederson test was used to assess neurological outcome 24 hours after stroke. A lower 

score indicates better neurologic function. (D) To measure motor function, we employed a 

grip test 24 hours after stroke. A higher score indicates better motor function.
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Figure 2. Platelet glucose metabolism mediates thromboinflammation during ischemic stroke 
brain injury.
Platelet-specific Glut 1 and 3 deficient (DKO) mice or control mice (WT) were subjected to 

one-hour tMCAO. Twenty-four hours after stroke onset, blood was drawn and expression of 

platelet P-selectin (A), binding of JON/A (B), (C) circulating platelet-monocyte aggregates 

(CD41+ Ly6G− Ly6C+ cells) and circulating platelet-neutrophil aggregates (CD41+ Ly6G+ 

cells) (D) were quantified in whole blood as described in the methods. (E) Recruitment of 

neutrophils to the brain was quantified 24 hours after stroke as described in the methods.
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Figure 3: Hyperglycemia exacerbates ischemic stroke outcomes independent of platelet glucose 
uptake.
Platelet-specific Glut 1 and 3 deficient (DKO) mice or control mice (WT) were subjected to 

one-hour tMCAO under normoglycemic or STZ-treated hyperglycemic conditions. (A) 

Representative brain sections were stained with 2,3,5-triphenyl-tetrazolium chloride. Red 

areas indicate healthy brain tissue, while white areas show infarcted brain tissue. (B) 

Quantification of brain infarct volumes 24 hours after stroke. (C-D) WT and DKO mice 

were injected with Evans blue 24 hours after stroke, two hours later mice were perfused, and 

Evans blue leakage into the brain was examined. Representative brain sections 

demonstrating disruption of the blood brain barrier (C). (D) Evans blue extravasation was 

quantified as described in the methods. (E) The Bederson test was used to assess 

neurological outcome 24 hours after stroke. A lower score indicates better neurologic 

function. (F) To measure motor function, we employed a grip test 24 hours after stroke. A 

higher score indicates better motor function. (G-H) CBF was examined in the right MCA 

territory before stroke (baseline), during ischemia, when reperfusion was allowed and at 3 

and 24 hours after stroke induction under normoglycemic (G) and hyperglycemic conditions 

(H). (N = 5 per group).
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Figure 4: Thrombo-inflammation is similar between WT and DKO hyperglycemic mice.
Platelet-specific Glut 1 and 3 deficient (DKO) mice or control mice (WT) were subjected to 

one-hour tMCAO under STZ-treated hyperglycemic conditions. Twenty-four hours after 

stroke onset, blood was drawn and expression of platelet P-selectin (A), binding of JON/A 

(B), circulating platelet-neutrophil aggregates (CD41+ Ly6G+ cells) (C) and circulating 

platelet-monocyte aggregates (CD41+ Ly6G− Ly6C+ cells) (D) were quantified in whole 

blood as described in the methods. (E) Recruitment of neutrophils to the brain was 

quantified as described in the methods 24 hours after stroke.
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Figure 5: Hyperglycemia potentiates procoagulant platelet formation.
(A) Platelet-specific Glut 1 and 3 deficient (DKO) mice or control mice (WT) were 

subjected to one-hour tMCAO or sham surgery under normoglycemic or STZ-treated 

hyperglycemic conditions. Phosphatidylserine (PS) exposure was assessed by flow 

cytometry using Annexin V binding. The percentage of platelets with high PS exposure were 

quantified. (B) Platelets were isolated from normoglycemic or STZ-treated hyperglycemic 

DKO and WT mice in the absence of surgery. PS exposure was assessed by flow cytometry 

using Annexin V binding at baseline and after dual stimulation with thrombin and CRP. The 

percentage of platelets with high PS exposure were quantified.
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Figure 6: Hyperglycemia increases mitochondrial ROS in platelets independent of platelet 
glucose uptake.
Platelets were isolated from platelet specific Glut 1 and 3 deficient (DKO) mice or littermate 

controls (WT). Mitochondrial ROS was measured by MitoSOX staining normalized to 

MitoGreen, analyzed by flow cytometry under resting conditions.
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