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Objective—Reduced blood flow and tissue oxygen tension conditions result from thrombotic and vascular diseases such
as myocardial infarction, stroke, and peripheral vascular disease. It is largely assumed that while platelet activation is
increased by an acute vascular event, chronic vascular inflammation, and ischemia, the platelet activation pathways and
responses are not themselves changed by the disease process. We, therefore, sought to determine whether the platelet
phenotype is altered by hypoxic and ischemic conditions.
Approach and Results—In a cohort of patients with metabolic and peripheral artery disease, platelet activity was enhanced,
and inhibition with oral antiplatelet agents was impaired compared with platelets from control subjects, suggesting a
difference in platelet phenotype caused by the disease. Isolated murine and human platelets exposed to reduced oxygen
(hypoxia chamber, 5% O2) had increased expression of some proteins that augment platelet activation compared with
platelets in normoxic conditions (21% O2). Using a murine model of critical limb ischemia, platelet activity was increased
even 2 weeks postsurgery compared with sham surgery mice. This effect was partly inhibited in platelet-specific ERK5
(extracellular regulated protein kinase 5) knockout mice.
Conclusions—These findings suggest that ischemic disease changes the platelet phenotype and alters platelet agonist
responses because of changes in the expression of signal transduction pathway proteins. Platelet phenotype and function
should, therefore, be better characterized in ischemic and hypoxic diseases to understand the benefits and limitations of
antiplatelet therapy.
Visual Overview—An online visual overview is available for this article.   (Arterioscler Thromb Vasc Biol. 2018;38:
1594-1606. DOI: 10.1161/ATVBAHA.118.311186.)
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P

latelets are activated in ischemic diseases such as myocardial infarction (MI), stroke, and peripheral artery disease
(PAD).1–4 Antiplatelet agents, including aspirin and clopidogrel,
are recommended as part of the disease treatment. The expected
antithrombotic benefits of antiplatelet agents are not observed in
all patients5–7; some develop unexpected thrombosis,8 whereas
others have bleeding complications.9,10 Explanations for such
treatment failure includes gene polymorphisms in enzymes
responsible for antiplatelet drug metabolism or in their receptors,
which was reported for the P2Y12 receptor antagonist clopidogrel.11–14 The rationale behind testing for differences in metabolism of antiplatelet agents on an individual basis is that the drug
type and dose may be personalized, providing a more favorable
clinical outcome.15 However, reports have indicated that a personalized genetic approach to antiplatelet therapy failed to alter
clinical outcomes or the progression of ischemic disease.16,17
Preclinical platelet inhibitor studies typically use platelets
isolated from normal volunteers.18 There are risks associated with
oversimplifying preclinical platelet studies and extrapolating

findings using healthy donor platelets to studies with platelets
from a diseased population.19 A prudent research approach may
include determining whether the signaling processes in platelets
from diseased patients are similar to healthy persons. If platelets
from a diseased population have different agonist signaling properties, the design and implementation of antiplatelet agents should
be tailored to adjust for these changes. For example, Jurk et al20
demonstrated that circulating platelets in patients after stroke are
refractory to ex vivo stimulation, engendering an exhausted platelet phenotype, suggesting that central ischemic vascular disease
may lead to the development dysfunctional platelets.
Using a murine MI model, we recently demonstrated that
the circulating platelet phenotype is changed in the postinfarct environment, with a similar observation noted in patients
in the peri-MI period.1,21 We now report that platelet protein
expression is altered both in vitro by exposure to hypoxia and
in vivo in ischemic disease, demonstrating that the altered
platelet phenotype is regulated at least in part at the platelet
level. Using both a murine model of critical limb ischemia and
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Nonstandard Abbreviations and Acronyms
ERK5
HLI
MI
PAD
WT

extracellular regulated protein kinase 5
hindlimb ischemia
myocardial infarction
peripheral artery disease
wild-type

platelets from patients with metabolic disease and advanced
PAD, we have revealed that platelet postreceptor signaling is
altered. These findings suggest a fundamental platelet phenotype switch in ischemic disease not accounted for by current
therapeutics.

Materials and Methods
Data available on request from the authors.

Antibodies and Reagents
A full list of all reagents and antibodies used are listed in the Expanded
Methods in the online-only Data Supplement.

Subjects
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Healthy volunteers, patients with diabetes mellitus as indicated
by blood hemoglobin A1c concentration >6.5% with or without
peripheral arterial disease determined objectively by the ankle
brachial index were enrolled in this study. Patients with PAD
were consented on the day of revascularization either by surgical
bypass or by percutaneous intervention for critical limb ischemia.
Venous blood was used to isolated platelet-rich plasma (PRP).
Washed platelets were used for platelet stimulation studies using
agonists against the P2Y12 receptor (2-methyl-ADP), PAR1 (protease-activated receptor-1; TRAP6 [thrombin receptor–activating
peptide-6]), or the thromboxane receptor (U46619), with flow
cytometry used to detected activated platelets by surface p-selectin expression as described previously by our group.21 This study
had the approval of the Research Subjects Review Board of the
University of Rochester.

Mouse Colony
All animal protocols were approved by the University Committee on
Animal Resources. Eight-week-old male wild-type (WT) C57BL6/J
were used in this study unless indicated. To interrogate the role of
platelet ERK5 (extracellular regulated protein kinase 5) in some studies, we used ERK5flox/PF4cre(+; platelet-specific ERK5−/−) mice on
a C57BL/6 background previously validated and shown to be deficient only in platelet ERK5. These platelet-specific ERK5−/− mice
were matched with ERK5flox/flox mice as a control.1,22

Critical Limb Ischemia Model
Mice were anesthetized with 3% isoflurane. A skin incision was
made with leg ligations made proximally and distally to the femoris profunda muscle, with 6.0 suture followed by left femoral
artery dissection. The skin was closed using 4.0 coated vicryl in a
subcuticular fashion. Mice were allowed to recover and returned
to housing for up to 28 days. At various time points over this 28
days, mice will also be imaged under isoflurane using a laser
Doppler imaging system. Expanded Methods in the online-only
Data Supplement.

Mouse Hemostasis and Thrombosis Models
The tail bleeding method was used to assess the time to hemostasis.
The ferric chloride-induced platelet activation and mesenteric arterial
occlusion model was used to assess thrombosis. Both are described
by us previously.1

Mouse Pneumonectomy Model
We performed a left pneumonectomy as described23 to create another
model in which the mouse was hypoxic. Expanded Methods in the
online-only Data Supplement.

Quantification of Blood Vessels
A volume of 2×250 μL ice cold Matrigel which contained all the
necessary growth factors to promote angiogenesis was drawn up into
prechilled 1 mL syringes and injected into the ventral surface of the
mouse subcutaneously around the hindlimb area using a 27 g needle.
After 7 days, the mouse was euthanized, and the solidified matrix
was removed at which point blood vessels were apparent, and so
hemoglobin was extracted and quantified according to the instructions using a hemoglobin colorimetric assay (Cayman Chemicals).
The other injected solidified matrix was removed and fixed with 10%
formalin, then sectioned for H and E staining.

Human Platelet Isolation
For human platelet function studies and for biochemical analysis,
venous blood was collected into citrate plasma tubes and mixed, then
isolated according to our protocol published previously.21

Mouse Platelet Isolation
Mouse platelets were collected by 2 to 3 drops of retro-orbital blood
into heparinized Tyrode as described by us previously.1 Expanded
Methods in the online-only Data Supplement.

Biochemistry and Protein Studies
Cell lysis and cell protein extraction, SDS PAGE, and Western
blotting were conducted using buffers and techniques as
described previously.1 Expanded Methods in the online-only Data
Supplement.

Platelet Proteomics
Whole blood was collected into citrate plasma tubes and thoroughly
mixed. The sample was centrifuged at 1100 rpm for 15 minutes
using a bench top centrifuge. The supernatant was then added in a
1:1 (vol/vol) mix of supernatant/Tyrode solution with final concentration 10 μmol\L prostaglandin I2 (PG I2, Cayman Chemical) and
centrifuged at 2600 rpm for 5 minutes using a bench top centrifuge.
In an attempt to reduce further contaminating plasma proteins, the
supernatant was discarded, and the washed platelet pellet was carefully resuspended in 1 mL fresh Tyrode solution with 10 μmol\L
prostaglandin I2 and centrifuged at 2600 rpm for 5 minutes using
a bench top centrifuge. The final platelet pellet was then carefully
resuspended in 1 mL fresh Tyrode solution with 10 μmol\L prostaglandin I2 and centrifuged at 2600 rpm for 5 minutes using a bench
top centrifuge one final time. We used CD45 and CD41 antibodies
to identify leukocytes and platelets, respectively, and then gated and
quantified each individual population as a proportion of all cells, not
only those double positive cells. This second quality control study
revealed even less leukocyte contaminants of PRP (0.12%). The
resulting platelet pellet was then used for platelet protein extraction
by reducing with 10 mmol/L tris (2-carboxyethyl) phosphine for 1
hour at 37°C and subsequently alkylated with 12 mmol/L iodoacetamide for 1 hour at room temperature in the dark. Samples were
then diluted 1:4 with deionized water and digested with sequencing grade modified trypsin at 1:50 enzyme‐to‐protein ratio. After
12 hours at 37°C to promote digestion, another aliquot of the same
amount of trypsin was added to the samples and further incubated at
37°C overnight. The digested samples were then acidified, cleaned
up (SCX and C18) and dried as described above. An LC-MS/MS
(liquid chromatography tandem mass spectrometry)-based method
for quantitative proteomics using the iTRAQ (isobaric tags for relative and absolute quantitation) system reporter ion intensities as
we have used previously to study the human platelet proteome and
described elsewhere.24,25
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Statistical Analyses
Clinical variables that are dichotomous are presented as frequencies
and those that are continuous as mean with SEM unless otherwise
stated. The distribution of each data set was interrogated for normality using the Shapiro–Wilk test before comparison between groups.
For non-Gaussian distributed data between 2 comparative groups,
data are graphically represented as median and the Mann–Whitney U
test was used to assess for a difference between groups. For 3 or more
groups comparisons, the Kruskal–Wallis test followed by Dunn posttest was used. For Gaussian-distributed data between 2 comparative
groups, the t test was used to assess for a difference between groups.
For 3 or more groups, 1-way ANOVA then the Bonferroni multiple
comparisons test was used. Significance was accepted as a P value
<0.05. All data were analyzed with GraphPad Prism 7 (GraphPad
Software, Inc, La Jolla, CA).

Results
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To test whether the platelet phenotype is altered in human vascular and metabolic disease, we isolated platelets from patients
with several cardiovascular comorbidities including PAD, diabetes mellitus, and hypertension (referred to as patients with
the vascular and metabolic disease). We compared platelet
function in 30 individuals: either patients or relatively healthy
control subjects (Figure I in the online-only Data Supplement).
We stimulated isolated platelets from healthy control subjects, healthy control subjects taking 81 mg aspirin daily,
patients with vascular and metabolic comorbidities with PAD,
and from patients with vascular and metabolic comorbidities
without PAD (all patients were taking at least 1 antiplatelet
agent). Control subjects taking 81 mg aspirin daily all showed
suppression of platelet activity after surface receptor agonist
stimulation compared with control subjects without aspirin
therapy. However, platelet activation in response to PAR1
and thromboxane receptor stimulation (TRAP6 and U46619,
respectively) was not inhibited in patients with vascular and
metabolic comorbidities without PAD as we anticipated and,
in fact, platelet function was enhanced in response to P2Y12
receptor stimulation (2-me-ADP) in spite of taking aspirin and
clopidogrel. Platelet function in patients with vascular and metabolic comorbidities with PAD was not inhibited by antiplatelet agents in response to receptor agonists as we anticipated
compared with control volunteers taking 81 mg aspirin daily
(Figure 1A through 1C). These data indicate that platelets from
patients with the metabolic and vascular disease have altered
agonist sensitivity and apparent resistance to inhibition by antiplatelet agents compared with platelets from healthy subjects.
To demonstrate that these observations may in part be
because of changes in the platelets themselves, platelet
proteomic profiles were assessed by liquid chromatography/tandem mass spectrometry. Protein expression data in
patients with cardiovascular comorbidities, including PAD,
was grouped by function, showing platelet protein expression differences in processes involved in inflammation, RNA
processing, protein folding and trafficking, vesicular transport, protease activity, and platelet adhesion (Figures II and
III in the online-only Data Supplement). Less than one half
percent leukocyte contamination was seen in PRP isolates
(Figure IV in the online-only Data Supplement). These data
indicate that changes in the platelet phenotype may contribute to antiplatelet drug resistance in patients with vascular
and metabolic diseases.

Figure 1. Patients with metabolic and vascular disease have dysregulated
platelets. A–C, Platelets from healthy patients (4) and healthy controls
taking daily 81 mg aspirin (4) were compared with patients with metabolic
and vascular comorbidities including diabetes mellitus and PAD (peripheral
artery disease) taking platelet inhibitors (8), and patients with diabetes mellitus without PAD taking both platelet aspirin and clopidogrel (4). Platelets
were stimulated with (A) a PAR1 (protease-activated receptor-1) agonist
TRAP (thrombin receptor–activating peptide), (B) a thromboxane receptor
agonist U46619, or (C) a P2Y12 agonist 2-me-ADP for 15 min and activation was assessed by FACS (P-selectin expression, mean±SEM, *P<0.05
healthy vs diabetes mellitus+platelet inhibitors. **P<0.05 healthy vs vascular disease+platelet inhibitor(s). ***P<0.05 healthy vs healthy+aspirin, all by
1-way ANOVA. MFI indicates mean fluorescence intensity.

Our prior study demonstrated that platelet protein expression is altered by ischemic disease.1 We, therefore, considered whether changes in the platelet proteome may in part
be because of low tissue oxygen conditions and reactive
oxygen species generated in those conditions associated
with ischemic vascular diseases. Platelets were isolated from
healthy subjects and incubated under normoxic (21% O2) or
hypoxic (5% O2) conditions for 2 hours before stimulation
with TRAP6, U46619, or 2-me-ADP. Platelet activation in
response to agonist stimulation was enhanced after 2 hours
in a hypoxic environment using both surface P-selectin and
fibrinogen binding (activated GPIIb/IIIa) as platelet activation markers (Figure 2A through 2D), 30-minute time point
showed little change (Figures V and VI in the online-only
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Figure 2. Acute hypoxia augments platelet activation. Human platelets were isolated and activation was assessed after 2 h of in vitro normoxia (21% O2) or hypoxia
(5% O2). Platelets were stimulated with (A) TRAP6 (thrombin receptor–activating peptide-6), (B) U46619, or (C) 2-me-ADP for 15 min and P-selectin expression
was determined by FACS (mean±SEM, n=4). *P<0.05 or **P<0.01 normoxia vs hypoxia at each agonist concentration by 1-way ANOVA. D, Human platelets were
isolated and activation was assessed after 2 h of normoxia or hypoxia. Platelets were then stimulated with TRAP6 (20 µmol/L), U46619 (20 µmol/L), or 2-me-ADP
(10 µmol/L) for 15 min and activation assessed by FACS for GPIIb/IIIA activation (FITC-Fibrinogen binding, mean±SEM, n=3, *P<0.01 by 1-way ANOVA, NS=not
significant). E, Human platelet ERK5 (extracellular regulated protein kinase 5) is activated in normoxia or hypoxia (mean pERK5/ERK5±SEM, *P=0.02 by t test, n=5
in each group).

Data Supplement). We also show that activation of human
platelet ERK5, which is a redox sensor, seems to be sustained
after 2 hours in a hypoxic environment in vitro (Figure 2E).
These data imply that hypoxia may prime platelets toward an
activated state.
Our prior study using a mouse MI model demonstrated
altered platelet protein expression in the post-MI environment,
including ERK5, P70S6K, and RAC1.1 To assess whether
platelet activation by agonists or hypoxia/ischemia alters the
platelet phenotype independent of the megakaryocyte, we isolated mouse platelets and either agonist-stimulated platelets
or incubated platelets in normoxic (21% O2) or reduced (5%
O2) oxygen tension environments in vitro. P70S6K expression was increased by thrombin, though other agonists such
as U46619, and ADP did not demonstrate the same effect
(Figure 3A and 3B). Hypoxia alone, however, significantly
increased the expression of ERK5, P70S6K, and RAC1 in
a time-dependent manner in mouse platelets (Figure 3C).
In vitro hypoxia also augmented thrombin-induced murine

platelet activation (Figure 3D). Mice with either sham operation or unilateral pneumonectomy develop a chronic hypoxic
state after 3 weeks as indicated by increased blood hemoglobin concentration with a coincident increased in activation of platelet redox sensor ERK5 in vivo (Figure 3E), and
in vivo hypoxia enhanced thrombosis in a mouse mesenteric
injury model (Figure 3F), and shortened tail bleeding time
(Figure 3G). These data demonstrate that platelet function and
protein expression are altered in hypoxia in a manner that may
in part be because of platelet protein expression changes or
changes in platelet ERK5 activation.
Receptor agonist and hypoxia-induced changes in platelet
protein expression were also determined using human platelets. We observed that human platelets also exhibited a similar though not identical agonist-specific protein expression
change (Figure 4A; Figures VII and VIII in the online-only Data
Supplement), whereas hypoxia-induced less change in human
platelet proteins compared with murine platelets (Figures IX
and X in the online-only Data Supplement). These data are
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consistent with inhibitors of P70S6K and RAC1 having little
impact on human platelet posthypoxia activation (Figures XI
and XII in the online-only Data Supplement), but redox-sensitive ERK5, when pharmacologically inhibited after prolonged in
vitro hypoxia, demonstrated a significant attenuation of human
platelet activation after hypoxia which was not as profoundly

obvious in platelets in a normoxic condition (Figure XIII in the
online-only Data Supplement; Figure 4B). Finally, human platelets show changes in agonist-induced activation in a hypoxic
environment, possibly through additional mechanisms, including increased platelet surface receptor expression available for
certain agonists after activation (Figure XIV in the online-only
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Figure 3. Murine platelet protein expression changes in vitro after agonist stimulation. A and B, Platelets isolated from mice were stimulated with 0.2 U/mL
thrombin, 10 µmol/L U46619, or 10 µmol/L 2-me-ADP for 1 to 3 h. Protein expression was determined by (A) immunoblot (IB) and (B) quantified by densitometry (mean±SEM, *P=0.12 vs 0 for ERK5 (thrombin) and **P<0.05 vs 0 for P70S6K (thrombin) by 1-way ANOVA, n=3). (Continued )
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Figure 3 Continued. C, Platelets isolated from mice were incubated for 0 to 6 h under hypoxic conditions (5% O2) and platelet protein expression was
assessed by IB and quantified by densitometry (mean±SEM, *P<0.05 or **P=0.058 vs 0 by 1-way ANOVA, n=4–6). D, Platelets were isolated from wild-type
(WT) mice and activation was assessed after 6 h of normoxia or hypoxia and stimulated with thrombin for 15 min. Activation was assessed by P-selectin
expression (mean±SEM, n=4, *P<0.05 by 1-way ANOVA). E, Left pneumonectomy (Pnx) or sham surgery mice demonstrate hypoxia by a compensatory
increase in circulating blood hemoglobin concentration, P=0.0002 by t test between groups without a change in platelet count (559±44 vs 604±43 between
groups, P=0.48 by t test, n=12 in each group). Isolated platelets show platelet ERK5 (extracellular regulated protein kinase 5) activation (mean pERK5/
ERK5±SEM, *P=0.009 by t test, n=4 in each group). (Continued )
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Figure 3 Continued. F, Mesenteric artery thrombosis was assessed in mice after living for 24 h at ambient oxygen or in hypoxic conditions (10% O2, mean
time to vessel occlusion±SEM, n=5 in each group, *P=0.026 by 1-way ANOVA for normoxia vs 10% O2). G, Tail bleeding times as an index of hemostasis
were calculated as the time in seconds for bleeding to stop after surgical amputation of the tail tip, median value, n=8 to 9, *P=0.021 by Mann–Whitney U test
for normoxia vs 10% O2.
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Data Supplement). These experiments demonstrate that platelets
alter the expression of key signaling proteins independent of the
bone marrow-derived precursor megakaryocyte, particularly in
response to hypoxic/ischemic stress. However, the downstream
mediators of increased platelet activation may be fundamentally
different between murine and human platelets.
Platelet activation in response to some agonists in a hypoxic
environment may be secondary to platelet activation of redoxsensitive protein kinases like ERK5.1,22,26 Murine and human
platelets both increase endogenous reactive oxygen species
generation in a hypoxic environment (Figure 5A) through the
basal and maximal quantity of reactive oxygen species produced
between species also differs. Furthermore, ERK5 activation
(P-ERK5, but not total protein expression) was significantly
greater in human platelets from patients with PAD (Figure 5B).
ERK5 and other platelet-activating proteins including RAC1
as well as proteins well-known to promote ribosome biogenesis and support translation such as mTOR were all elevated in
murine platelets in hindlimb ischemia (HLI) model (Figure 5D).
This change in murine platelet protein expression coincided with
dysregulated platelet activation which was not observed in shamoperated mice and coincident with lower extremity tissue remodeling and angiogenesis secondary to ischemic injury (Figure 5D;
Figures XV through XVII in the online-only Data Supplement).
To evaluate a potential functional role for platelet ERK5
in platelet a phenotype alteration associated with ischemia,
we performed HLI on WT mice and platelet-specific ERK5−/−
mice which was previously characterized and shows complete
absence of ERK5 protein in isolated PRP which is obviously
devoid of ERK5 contaminants from other cell types (Figure
XVIII in the online-only Data Supplement). Platelets were then
isolated from mice on days 3, 7, and 14 post-HLI to assess activation. Platelets from platelet-specific ERK5−/− mice had attenuated platelet activation at each of the time points compared
with platelets from WT mice (Figure 6A through 6C). Thermal
laser Doppler imaging of the ischemic limb was also performed
weekly to assess for reconstitution of blood flow as is often
seen in human patients with advanced PAD. Platelet ERK5−/−
mice showed more rapid recovery of limb blood flow compared
with WT mice (Figure 6D and 6E), with similar platelet counts

throughout the ischemic period (Figure XIX in the online-only
Data Supplement). To determine whether ERK5−/− mice have
improved angiogenesis in general, an in vivo Matrigel assay
was used to quantify blood vessel growth in vivo in WT and
platelet ERK5−/− mice. Vascular content was surprisingly similar in WT and platelet ERK5−/− mice (extracted hemoglobin
concentration 1.53±0.48 g/dL versus 1.18±0.15 g/dL) implying that the more rapid reconstitution of hindlimb blood flow
in platelet ERK5−/− mice is because of mechanisms other than
enhanced angiogenesis, and potentially may include alterations
in microvascular thrombosis. Together these data demonstrate
that ischemic disease leads to a platelet phenotype that is more
sensitive to agonist stimulation, and activation of platelet ERK5
may have a central role in this response (Figure 7).

Discussion
These data demonstrate that in both humans and mouse models, metabolic and vascular disease alters the platelet phenotype. Human diseases and extreme experimental conditions of
ischemia and hypoxia revealed differences in platelet surface
receptor expression, agonist sensitivity, postreceptor signal
transduction, and proteomic profiles which could alter the
response of the platelet to environmental and pharmacological
stimuli. This may provide mechanistic insight into the unpredictable patient responses to antiplatelet agents in hypoxic
and ischemic diseases.21,27,28 The expectation that the platelet
phenotype in a diseased state closely resembles healthy conditions may be incorrect. Preclinical studies evaluating antiplatelet agents, therefore, ought to include both healthy donors
and donors with the metabolic and vascular disease because
platelet antagonists presently available do not account for an
evolving, disease-dependent platelet phenotype. The platelet
phenotypic switch observed in diseased conditions may in part
explain unpredictable platelet responses previously ascribed to
changes in antiplatelet drug metabolism or platelet receptor
variants.17,29,30 Resistance to antiplatelet therapeutic agents has
been described in diabetics, in MI, and in patients with PAD.31
Explanations for such treatment failure may include metabolic comorbidities which alter the inflammatory environment, the metabolism of antiplatelet agents, and interactions
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Figure 4. Human platelet protein expression changes in vitro after agonist stimulation. A, Human platelets were incubated in hypoxic conditions in vitro (5% O2,
Top) or stimulated with TRAP (thrombin receptor–activating peptide-6; 10 µmol/L), U46619 (20 µmol/L), or 2-me-ADP (10 µmol/L). Platelet protein expression
was assessed for ERK5 (extracellular regulated protein kinase 5), then quantified by densitometry and reported as mean±SEM *P<0.05 vs 0 by 1-way ANOVA,
n=4. B, Human platelets were placed in normoxic or hypoxic conditions for 2 h in the presence or absence of an ERK5 inhibitor (Bix 02189, 0.1–100 nmol/L) for
the last 30 min. Platelets were then stimulated with TRAP (10 µmol/L). An ERK5 inhibitor attenuated platelet activation more effectively in hypoxia (% inhibition
with ERK5 inhibitor vs no ERK5 inhibitor indicated above each condition). *P=0.040 vs TRAP alone+normoxia or **P<0.0001 vs TRAP alone+hypoxia by 1-way
ANOVA, n=4.

of antiplatelet agents with other drugs.32–36 Comparing differences in the platelet phenotype between clinical groups is
challenging given the difficulty in exactly matching control
human populations in a complex disease group such as PAD,
where the clinical pathology leading to the vascular injury is
multifactorial.
A few studies showed that platelets from diseased populations might have altered surface receptor expression, implying
a change in the mature platelet proteome.37–39 Our data offer
some mechanistic explanations for these observations because

we demonstrate an adaptive platelet phenotype in models of
ischemia. This includes changes in platelet receptor agonist
sensitivity and the expression and activation of postreceptor
signal transduction proteins. Although we, in fact, observe
some important differences in human compared with murine
responses to hypoxia, platelet ERK5 seems to be a common
mediator of dysregulated platelet activation in both species.
In as little as a few hours, we found changes in the expression of platelet proteins in vitro in a hypoxic environment
or after a few days in vivo after limb ischemia that coincide
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with enhanced sensitivity to multiple platelet surface receptor
agonists. We also show that the platelet proteome in patients
with advanced vascular disease is not the same as in relatively
healthy subjects, with the former demonstrating more signaling proteins involved in protein synthesis, inflammation,
and thrombosis (Figures II and III in the online-only Data
Supplement) These data extend prior observations in experimental models of extreme hypoxia in vitro and in models of
venous thrombosis and sickle cell disease which all show
increased platelet activation.40–42 The change in platelet function observed in just a few hours in vitro may be sufficient to
tip the balance of platelet protein synthesis and degradation
toward an activated phenotype.43,44 Previous studies indicate

that P70S6K and RAC1 are involved in platelet cytoskeletal
rearrangement and activation.45–47 We previously showed that
platelet ERK5 is a regulator of protein stability and platelet function in the inflammatory post-MI environment and
that platelet-specific ERK5−/− mice have attenuated platelet
activation post-MI with reduced expression of P70S6K and
RAC1.1 Our current study supports these prior observations
by demonstrating markedly increased murine platelet P70S6K
protein expression after in vitro hypoxia, independent of the
megakaryocyte. Ribosomal protein S6 promotes protein
translation efficiency may be especially important in ischemic
disease.48,49 There is also the tantalizing possibility that platelet mRNA stability is markedly altered in different diseases
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Figure 5. ERK5 (extracellular regulated protein kinase 5) promotes dysregulated platelet activity in critical limb ischemia. A, Platelets isolated from wild-type
(WT) mice (left) or healthy humans (right) were incubated for 2 h under normoxic conditions (21% O2) or after hypoxia exposure (5% O2) and then loaded with
DCFDA (2’,7’-dichlorodihydrofluorescein diacetate) to indicate reactive oxygen species (ROS) production, quantified by FACS analysis (mean±SD) *P<0.05 vs
21% O2 by t test, n=3 in each group. B, Platelets isolated from humans with peripheral artery disease (PAD) or from mice after 4 d of unilateral left leg femoral
artery ligation (hindlimb ischemia [HLI]) or sham surgery were assessed for ERK5 activation using a phospho-specific antibody (p-ERK5). Actin was used as
an additional loading control for ERK5 because ERK5 protein content was increased in mice with HLI. ERK5 activation was quantified by densitometry and
reported as mean pERK5/ERK5±SEM. *P=0.025 for control vs PAD, N=3 to 4, and P=0.14 for sham vs HLI mice by t test, N=4. (Continued )
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Figure 5 Continued. C, Platelets isolated from mice after 4 d of HLI or sham surgery were assessed for expression of proteins known to affect platelet activation. Protein expression was assessed by immunoblotting (IB), then quantified by densitometry and reported as mean±SEM *P=0.046 vs 0 (ERK5), P=0.034
vs 0 (mTOR) and P=0.022 vs 0 (RAC1) by t test, n=3 to 4 in each group. D, WT mice were subjected to HLI or sham surgery and platelets isolated 7 d later
were stimulated with thrombin for 15 min and activation assessed by FACS (P-selectin expression, mean±SEM, n=4 in each group by 1-way ANOVA, *P<0.05
between groups).

with consequences on the final platelet translatome and subsequent proteome. It is tempting to speculate P70S6K is an
ERK5 downstream mediator of dysregulated platelet activity
in murine platelets under hypoxic conditions. An important
observation in our investigation is that human and murine
platelets, although similar in many ways, do in fact show clear
differences in their responses to environmental cues that drive
postreceptor signaling pathways and translation efficiency
in vitro. These observations serve as a gentle reminder to
investigators that experimental models, even when conducted
rigorously, sometimes lack important features of human
pathophysiology, which limits their ability to reveal a therapeutic solution for diseases.
Patients with vascular diseases such as PAD have more
on-treatment thrombotic events compared with other thrombotic diseases.50,51 A recent report indicates diabetic platelets
have dysregulated P2Y12 receptor signaling which was independently replicated in the present study of isolated platelets

from humans with metabolic and vascular comorbidities
including diabetes mellitus and advanced PAD.52 PAD is
common in diabetic patients, and two-thirds of the patients in
our study had diabetes mellitus. In support of other studies,
despite taking daily platelet inhibitors, platelets from patients
with PAD could be activated through several platelet receptor signaling pathways, and especially through the P2Y12
receptor. In the analogous murine HLI model, we show that
platelets are markedly more activated by agonists compared
with sham-operated animals and this phenotype is partly
reversed in platelet ERK5−/− mice. We were quite surprised
to observe that platelet ERK5−/− mice also showed enhanced
blood flow in the weeks after HLI compared with WT mice.
These findings imply ERK5 inhibition may decrease small
vessel thrombotic burden in the early ischemic limb, promoting blood flow.
Our investigation has some limitations. Although we
show that patients with the metabolic and vascular disease
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Figure 6. Platelet ERK5 (extracellular regulated protein kinase 5) inhibition improved blood flow in critical limb ischemia. A–C, Wild-type (WT) or ERK5−/−
platelets from mice (A) 3, (B) 7, or (C) 14 d after hindlimb ischemia (HLI) were isolated and stimulated with thrombin for 15 min and activation assessed
by FACS. WT platelets had more post-HLI activation compared with ERK5−/− (P-selectin expression, mean±SEM, n=4, *P<0.01 between groups by 1-way
ANOVA). D and E, Thermal Doppler color imaging showed more rapid return of blood flow in ERK5−/− mouse limbs. D, Representative images, (E) quantification (mean ratio in the ischemic:nonischemic limb±SEM *P<0.001 Sham WT vs WT HLI, **P=0.013 WT HLI vs ERK5 −/− HLI, ***P=0.003 WT HLI vs ERK5 −/−
HLI all by 1-way ANOVA. The group population size is indicated in parentheses.

have a different platelet phenotype and seem to be somewhat
resistant to antiplatelet medications, our control subjects had
fewer comorbidities than those patients with diabetes mellitus
and PAD, and there was an imbalance in the representation
of sex among some groups. These present as potential confounding variables in data interpretation. A better and more
direct correlation between these human and mouse data will
require a larger cohort, ideally compared with control subjects with exactly matched comorbidities. However, these
human disease-based data are only intended to highlight the
basic conclusion of our study that the platelet phenotype is
changed in vascular disease processes and that this may in part
be because of changes in the platelet itself as well as in the
vascular compartment.
In summary, the present study confirms that metabolic
and ischemic stressors alter platelet signal transduction
pathways and subsequent agonist responsiveness. This
may in part be regulated at the level of the platelet itself,

independent of the megakaryocyte. A concerted effort
should be made to personalize antiplatelet therapy, not only
with respect to race and sex but also to the thrombotic disease in question.
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Highlights

• Platelets regulate protein expression in response to environmental cues which changes their sensitivity to activation and threshold for inhibition
by antiplatelet agents.
• ERK5 (extracellular regulated protein kinase 5) is a mediator of ischemic platelet activation.
• Platelet dysfunction is dependent on ERK5 in ischemic disease models.

