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Mitochondrial pyruvate dehydrogenase kinases contribute to
platelet function and thrombosis in mice by regulating aerobic
glycolysis
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Key Points

• Combined deletion of
pyruvate
dehydrogenase kinase
(PDK) 2 and 4 inhibits
platelet function and
arterial thrombosis.

• PDK2/4 contributes to
platelet biology by
regulating pyruvate
dehydrogenase
phosphorylation and
aerobic glycolysis in
activated platelets.
/blooda_adv-2023-010100-m
ain.pdf by guest
Resting platelets rely on oxidative phosphorylation (OXPHOS) and aerobic glycolysis

(conversion of glucose to lactate in the presence of oxygen) for their energy requirements.

In contrast, platelet activation exhibits an increased rate of aerobic glycolysis relative to

OXPHOS. Mitochondrial enzymes pyruvate dehydrogenase kinases (PDKs) phosphorylate

the pyruvate dehydrogenase (PDH) complex to inhibit its activity, thereby diverting the

pyruvate flux from OXPHOS to aerobic glycolysis upon platelet activation. Of 4 PDK

isoforms, PDK2 and PDK4 (PDK2/4) are predominantly associated with metabolic diseases.

Herein, we report that the combined deletion of PDK2/4 inhibits agonist-induced platelet

functions, including aggregation, integrin αIIbβ3 activation, degranulation, spreading, and

clot retraction. In addition, collagen-mediated PLCγ2 phosphorylation and calcium

mobilization were significantly reduced in PDK2/4−/− platelets, suggesting impaired GPVI

signaling. The PDK2/4−/− mice were less susceptible to FeCl3-induced carotid and laser-

induced mesenteric artery thrombosis without any effect on hemostasis. In adoptive

transfer experiments, thrombocytopenic hIL-4Rα/GPIbα-transgenic mice transfused with

PDK2/4−/− platelets exhibited less susceptibility to FeCl3 injury–induced carotid thrombosis

compared with hIL-4Rα/GPIbα-Tg mice transfused with WT platelets, suggesting a platelet-

specific role of PDK2/4 in thrombosis. Mechanistically, the inhibitory effects of PDK2/4

deletion on platelet function were associated with reduced PDH phosphorylation and

glycoPER in activated platelets, suggesting that PDK2/4 regulates aerobic glycolysis. Finally,

using PDK2 or PDK4 single KO mice, we identified that PDK4 plays a more prominent role in

regulating platelet secretion and thrombosis compared with PDK2. This study identifies the

fundamental role of PDK2/4 in regulating platelet functions and identifies the PDK/PDH axis

as a potentially novel antithrombotic target.
 on 08 June 2024
Introduction

Metabolic pathways are increasingly recognized as potential therapeutic targets in different cell types to
treat numerous disorders.1-5 The role of metabolic regulatory mechanisms in modulating platelet
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activation is not well understood.6-8 Despite being anucleated,
mitochondria and essential metabolites in platelets participate in
different bioenergetic pathways to meet the energy requirements in
both resting and high energy–driven activated states.9 It is now
known that resting platelets rely on both aerobic glycolysis (con-
version of glucose to lactate in the presence of oxygen, a phe-
nomenon known as the Warburg effect) and oxidative
phosphorylation (OXPHOS) for energy requirement, whereas
platelet activation is characterized by a preferentially increased rate
of aerobic glycolysis relative to OXPHOS.6,10-12

Mitochondrial pyruvate dehydrogenase (PDH) complex converts
pyruvate (the end product of glycolysis) to acetyl coenzyme A, which
is further oxidized via the tricarboxylic acid (TCA) cycle to produce
ATP using the OXPHOS pathway. Upon platelet activation, the
pyruvate dehydrogenase kinase (PDKs) phosphorylates the E1α
subunit of PDH to inhibit its activity, which diverts the pyruvate flux
from the TCA cycle to aerobic glycolysis (lactic acid production).
Therefore, the PDK/PDH axis is an essential metabolic switch that
regulates pyruvate flux during platelet activation. Four isozymes of
PDK exist (PDK1-4) in humans and rodents. We recently reported
that blocking the activity of PDKs using dichloroacetic acid (DCA)
inhibits platelet functions in human and murine platelets.6 However,
the specificity of DCA to inhibit PDKs and the underlying mecha-
nisms by which PDKs regulate platelet functions remain unclear.

PDK2 and PDK4 have ubiquitous tissue distribution and are prom-
inently associated with metabolic diseases, in contrast to PDK1 and
PDK3.13-15 Therefore, we sought to examine the mechanistic role of
PDK2/4 in platelet biology and arterial thrombosis. Here, we report
that the combined genetic ablation of PDK2 and PDK4 inhibits a
range of platelet functions, including agonist-induced platelet
aggregation, integrin αIIbβ3 activation, and granule secretion. The
PDK2/4−/− mice were less susceptible to arterial thrombosis without
altering the hemostatic response. Mechanistically, impaired platelet
functions and reduced susceptibility to experimental thrombosis in
the PDK2/4−/− mice were attributed to the negative regulation of
PDH phosphorylation and aerobic glycolysis in activated platelets.
Finally, we demonstrated the platelet-specific role of PDK2/4 and
the individual contributions of PDK2 and PDK4 in regulating platelet
function and arterial thrombosis.

Materials and methods

Detailed information on the materials and methods used in the
study is available in the online supplement.

Mice

We generated wild-type (WT) (PDK2/4+/+), double-knockout
(PDK2/4−/−), and single-knockout mice (PDK2−/− and PDK4−/−)
from heterozygous (PDK2+/−PDK4+/−) mice. The male and female
mice used in the current study were on the C57BL/6J background
and aged between 10 to 12 weeks. Mice were genotyped using
the polymerase chain reaction according to the manufacturer’s
protocols and as previously described.7 The mice were kept in
standard animal housing conditions with controlled temperature
and humidity, and they had ad libitum access to a standard chow
diet and water. The University of Iowa Animal Care and Use
Committee approved all experiments.
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Statistical analysis

Data are represented as mean ± standard error (SEM) in all the
figures. The statistical significance involving 2 groups was
assessed using a Mann-Whitney U test. For more than 2 groups,
significance was determined by 1-way ANOVA or 2-way ANOVA
followed by Tukey or Sidak multiple comparisons test. P < .05 was
considered to be statistically significant. GraphPad Prism software
version 9 was used for statistical analysis.

Results

Combined genetic deletion of PDK2 and PDK4

impairs platelet function

Using a polymerase chain reaction, we confirmed the global dele-
tion of PDK2 and PDK4 (PDK2/4) (supplemental Figure 1A). In
parallel, using western blot we confirmed the deletion of PDK2/4 in
platelets (Figure 1A). The body weight, complete blood count
(supplemental Table 1), and expression levels of significant platelet
surface receptors, including integrin αIIbβ3, GPIb, and GPVI, were
comparable between PDK2/4−/− and WT mice (supplemental
Figure 1B). To determine the effects of combined deletion of
PDK2/4 on platelet function, we evaluated the extent of platelet
aggregation in PDK2/4−/− platelets stimulated by various agonists.
The platelets from PDK2/4−/− mice exhibited significantly reduced
aggregation upon stimulation with GPVI agonists [collagen or
crosslinked collagen-related peptide (CRP-XL)] or G-protein-
coupled receptor (GPCR) agonists (PAR4 peptide, thrombin, or
ADP) compared to WT platelets (Figure 1B). The platelet aggre-
gation defect in PDK2/4−/− platelets was not observed at higher
concentrations of agonist stimulation, except in the case of PAR4
peptide stimulation (supplemental Figure 2A). Both GPVI and
GPCR stimulation facilitate “inside-out” signaling in platelets that
culminates in affinity upregulation of integrin αIIbβ3, leading to the
formation of platelet aggregates. Consistent with the inhibition of
platelet aggregation, JonA binding to activated integrin αIIbβ3 was
significantly reduced in CRP-XL or PAR4 peptide-stimulated
PDK2/4−/− platelets than in WT platelets (Figure 1C). The integ-
rin αIIbβ3 expression level was comparable in CRP-XL or PAR4
peptide-stimulated WT and PDK2/4−/− platelets (supplemental
Figure 2B). To investigate whether deletion of PDK2/4 affects
apoptosis, we evaluated phosphatidylserine exposure (a marker of
cellular apoptosis) on the platelet surface by measuring annexin V
binding. No difference in annexin V binding was observed in resting
or agonist-stimulated PDK2/4−/− platelets compared with WT
platelets (supplemental Figure 2C).

Next, we evaluated the effects of PDK2/4 deletion on granule
secretion from platelets. Compared with WT platelets, a consid-
erable reduction in the P-selectin exposure (a marker of α-gran-
ules) on the platelet surface was observed in PDK2/4−/− platelets
after stimulation with CRP-XL or PAR4 peptide (Figure 1D).
Furthermore, ATP release (a marker of dense granules) was
inhibited in PDK2/4−/− platelets after stimulation with collagen or
PAR4 peptide compared with WT platelets (Figure 1E). These
findings suggest a fundamental role of PDK2/4 in regulating
different aspects of platelet activation associated with “inside-
out” signaling.
13 JUNE 2023 • VOLUME 7, NUMBER 11
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Figure 1. PDK2/4-double-deficient mice exhibit reduced platelet functions. (A)The deletion of PDK2 and PDK4 was confirmed using western blotting. (B) Platelet-rich

plasma (PRP) from WT or PDK2/4−/− mice was stimulated with collagen (0.4 μg/mL), CRP-XL (0.05 μg/mL), PAR4 peptide (40 μM), thrombin (0.013 U/mL; washed platelelets

were used), or ADP (0.13 μM). Results are expressed as the percent change in light transmission with respect to the blank (buffer without platelets), set at 100%. The

representative aggregation curves are shown. Values are mean ± SEM, n = 5 to 6 mice per group. Statistical analysis: Mann-Whitney U test; *P < .05 and **P < .01. (C) The

extent of integrin αIIbβ3 activation (using JonA binding), and (D) α-granule secretion (using P-selectin exposure) in WT and PDK2/4−/− platelets (in PRP) stimulated with CRP-XL

(0.1 μg/mL) or PAR4 peptide (100 μM) was determined using flow cytometry. Values are mean ± SEM, n = 3 to 4 mice per group. Statistical analysis: 2-way ANOVA followed by

Tukey multiple comparisons test; *P < .05; **P < .01 and ****P < .0001. (E) ATP secretion from the dense granules of WT and PDK2/4−/− platelets (in PRP) after stimulation with

collagen (0.8 μg/mL) or PAR4 peptide (70 μM) was measured using Lumi-aggregometry. Values are mean ± SE n = 6 mice per group. Statistical analysis: Mann-Whitney U test;

**P < .01.
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PDK2/4−/− platelets exhibit reduced outside-in

signaling and in vitro thrombus formation

The binding of fibrinogen to integrin αIIbβ3 facilitates “outside-in”
signaling in platelets, which enables platelet spreading and clot
retraction, necessary for the stability of the growing thrombus.
Therefore, we investigated the effects of PDK2/4 deletion on
platelet spreading (on fibrinogen-coated coverslips) and fibrin clot
retraction, regarded as the direct outcomes of “outside-in”
signaling. For spreading, platelets were scored into 3 categories:
adhered (but not spread), filopodium formation (in the process of
spreading), or lamellipodium formation (fully spread).16-18 The per-
centage of platelets that adhered to fibrinogen but did not spread
was comparable between WT and PDK2/4−/− platelets (Figure
2A). However, the extent of platelet spreading was significantly
attenuated in PDK2/4−/− platelets as fewer platelets reached the
lamellipodial stage, whereas a significant proportion of PDK2/4−/−

platelets remained restricted to the intermediate filopodial stage
compared with WT platelets (Figure 2A). Consistent with this,
platelets from PDK2/4−/− mice exhibited significantly reduced fibrin
clot retraction (determined by measuring the clot size) compared
with WT platelets (Figure 2B). These findings suggest the ability of
PDK2/4 to regulate bidirectional signaling across integrin αIIbβ3.
13 JUNE 2023 • VOLUME 7, NUMBER 11
Furthermore, we observed that the adhesion of PDK2/4−/− platelets
on collagen-coated coverslips was also inhibited compared with WT
platelets (Figure 2C). Next, to determine whether combined deletion
of PDK2/4 inhibits platelet activation in the presence of other blood
cells, thrombus formation in vitro was examined using whole blood
that was perfused over a collagen matrix at an arterial shear in a
microfluidic flow chamber. The rate of thrombus growth and
thrombus-covered surface were substantially reduced in whole blood
from PDK2/4−/− mice compared with WT mice (Figure 2D).

Combined deletion of PDK2/4 inhibits GPVI-

mediated platelet signaling

We next examined whether ablation of PDK2/4 affects signaling
upon platelet activation. We observed a negative regulation of
collagen-induced total tyrosine phosphorylation, which suggests
the ability of PDK2/4 to regulate the molecular events associated
with GPVI signaling (Figure 3A). The upregulation of phospholipase
Cγ2 is a characteristic feature that plays a central role in GPVI-
mediated platelet signaling. PLCγ2 phosphorylation directly facili-
tates the elevation of cytosolic calcium, which further enables
platelet secretion and integrin αIIbβ3 affinity upregulation. In com-
parison with WT controls, collagen-stimulated PDK2/4−/− platelets
TARGETING PDKs INHIBITS PLATELET FUNCTION 2349



0

60

100

120

%
 M

ea
n 

flu
or

es
ce

nc
e 

int
en

sit
y

20

Time (s)

40

80

0 10

*
*

*
*

* *

*
* *

20 30 40 50 60

WT

PDK2/4–/–

D
C

ol
la

ge
n 

m
at

rix
WT PDK2/4–/–

0

100

200

250
*

No
. o

f p
lat

ele
ts

50

150

WT PDK2/4–/–

C
Collagen

W
T

P
D

K
2/

4–/
–

5μm

5μm

B

90

Time (min)
0

W
T

P
D

K
2/

4–/
–

0

3

12

15
*

Cl
ot

 si
ze

 (m
m

2 )

6

9

WT PDK2/4–/–

A

Fibrinogen

5μm

5μm

W
T

P
D

K
2/

4–/
–

0

100

300

400 *

Adhesion

No
. o

f p
lat

ele
ts

200

WT PDK2/4–/–

*

**

ns

0

20

60

80

%
 o

f p
lat

ele
ts 

ad
he

re
d

40

Adh Filop Lamelli

Stage of Spreading

WT

PDK2/4–/–

Figure 2. PDK2/4
−/−

platelets exhibit reduced outside-in signaling and in vitro thrombus formation. (A) WT or PDK2/4−/− washed platelets (2 × 107 cells/mL) stained

using Alexa-Fluor 488-conjugated phalloidin were stimulated with PAR4 peptide (70 μM) for 10 minutes and added onto fibrinogen-coated (100 μg/mL) coverslips for

120 minutes. Five images were captured of each sample at random locations. A representative image of platelet adhesion and spreading is shown. Spreading platelets were

divided into 3 classes: adhered (Adh) but not spread, filopodia (Filop): spreading platelets and lamellipodia (Lamelli): fully spread. Results are expressed as a percentage of the

total number of platelets adhered. Cumulative data of the number of platelets adhered in each sample is shown. Values are mean ± SEM, n = 4 mice per group. Statistical analysis:

Mann-Whitney U test (adhesion) or 2-way ANOVA (stage of spreading) followed by Sidak multiple comparisons test; *P < .05 and **P < .01. (B) Clot retraction was measured for

90 minutes in PRP, supplemented with red blood cells, after adding 1 U/mL of thrombin. The left panel shows the representative images at 90 minutes, and the right panel shows

the quantification of the clot size. Values are mean ± SEM, n = 5 mice per group. Statistical analysis: Mann-Whitney U test; *P < .05. (C) WT or PDK2−/− washed platelets (2 ×

107 cells/mL) stained using Alexa-Fluor 488-conjugated phalloidin were added onto collagen-coated (100 μg/mL) coverslips for 45 minutes. Five images were captured of each

sample at random locations. A representative image of platelet adhesion is shown. Cumulative data of the number of platelets adhered in each sample is shown. Values are

mean ± SEM, n = 5 mice per group. Statistical analysis: Mann-Whitney U test; *P < .05. (D) DiOC6-loaded whole blood from WT or PDK2/4−/− mouse was perfused over a

collagen-coated (100 μg/mL) matrix for 60 seconds at an arterial shear rate in a BioFlux Microfluidic flow chamber system. The left panel shows the representative image at the

end of the assay, and the right panel shows the thrombus growth on the collagen matrix over time. Values are mean ± SEM, n = 3 mice per group. Statistical analysis: 2-way

ANOVA followed by Sidak multiple comparisons test; *P < .05.
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demonstrated reduced PLCγ2 phosphorylation at Tyr1217
(Figure 3B). Consistent with this, a PLCγ2-dependent rise in
cytosolic calcium levels was reduced in CRP-XL–mediated PDK2/
4−/− platelets compared with those in WT platelets (Figure 3C). No
effect on PAR4 peptide-stimulated total tyrosine (supplemental
Figure 3A) or protein kinase C (PKC) substrate phosphorylation
(supplemental Figure 3B) was observed in PDK2/4−/− platelets.

PDK2/4−/− mice demonstrate reduced susceptibility

toward arterial thrombosis without altering

hemostasis

Given the inhibitory effects of combined PDK2/4 deletion on
multiple aspects of platelet activation, we evaluated the role of
PDK2/4 in regulating in vivo arterial thrombosis and hemostasis.
2350 FLORA et al
Male WT and PDK2/4−/− mice were subjected to 5% FeCl3
injury–induced carotid artery thrombosis. The susceptibility to
arterial thrombosis was significantly reduced in PDK2/4−/− mice,
as suggested by a significantly prolonged occlusion time of the
injured vessel compared with WT mice (Figure 4A). Previous
studies have reported that sex-based differences in rodents affect
platelet function and thrombosis. Male mice are more susceptible
to thrombosis than females.19,20 This is mainly attributed to the
cardioprotective roles of endogenous estrogens in female
mice.21,22 Therefore, to rule out sex-based differences, we per-
formed 5% FeCl3 injury–induced carotid artery thrombosis in
female mice. Similar to male mice, the time to occlusion of the
injured carotid vessel was prolonged in the PDK2/4−/− female
mice compared with WT female mice (Figure 4B). In addition, we
performed laser injury–induced mesenteric artery thrombosis to
13 JUNE 2023 • VOLUME 7, NUMBER 11
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Figure 3. Platelets from PDK2/4 double-deficient mice exhibit impaired GPVI-mediated signaling. (A) Total tyrosine phosphorylation and (B) phospho-PLCγ2
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rule out that the observed effects on arterial thrombosis were not
model-specific. The kinetics of thrombus growth (determined by
measuring fluorescence intensity) and thrombus size (determined
by measuring surface area) were significantly reduced in PDK2/
4−/− mice than in WT mice (Figure 4C). Despite the effect on
thrombosis, no effect on tail-bleeding time was observed between
WT and PDK2/4−/− mice (both males and females) (Figure 4D),
suggesting PDK2/4 deletion does not affect hemostasis.

Platelet-specific PDK2/4 regulates arterial

thrombosis

The PDK2/4−/− mice used in this study are global knockouts, and
platelet-specific PDK-floxed mice (for all the isoforms) do not exist.6

To exclude the effects on thrombosis elicited by endothelium, neu-
trophils, and monocytes (known to interact with platelets to facilitate
thrombus formation),23,24 we performed an adoptive transfer of
PDK2/4−/− or WT platelets in thrombocytopenic hIL-4Rα/GPIbα
transgenic (Tg) mice. The platelets from hIL-4Rα/GPIbα-Tg mice
13 JUNE 2023 • VOLUME 7, NUMBER 11
express a chimeric protein composed of the extracytoplasmic
domain of the human interleukin-4 receptor (hIL-4Rα) fused to the
transmembrane and cytoplasmic tail of GPIbα.25-27 Platelet deple-
tion through the infusion of anti–hIL-4Rα does not cause hypother-
mia compared with that of anti-αIIbβ3 antibodies, and unlike
anti-GPIbα antibodies, it does not target exogenous platelets that
are transfused into the thrombocytopenic mice.26 As expected, the
treatment with anti–hIL-4Rα antibody depleted the number of
circulating platelets within 2 hours (Figure 5A), after which platelets
were transfused from either WT or PDK2/4−/− mice. The time to
vessel occlusion after 5% FeCl3 injury–induced carotid artery
thrombosis was significantly prolonged in hIL-4Rα/GPIbα-Tg mice
transfused with PDK2/4−/− platelets compared with hIL-4Rα/GPIbα-
Tg mice transfused with WT platelets (Figure 5B). These findings
delineate the platelet-specific role of PDK2/4 in regulating arterial
thrombosis. Notably, we found that the effect of complete deletion of
PDK2/4 on arterial thrombosis was more pronounced (62.5% mice
did not occlude, Figure 4A) than the thrombocytopenic hIL-4Rα/
GPIbα-Tg mice transfused with PDK2/4−/− platelets (12.5%,
TARGETING PDKs INHIBITS PLATELET FUNCTION 2351
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Figure 5B). We speculate that such a robust effect on arterial
thrombosis in PDK2/4-/- mice might be due to a lack of PDK2/4 in
other cell types in addition to platelets, such as neutrophils, which
are known to exhibit a high rate of aerobic glycolysis and are known
to contribute to thrombosis.

Combined deletion of PDK2/4 inhibits PDH

phosphorylation and aerobic glycolysis in activated

platelets

PDKs alter the activity of the PDH complex by phosphorylating their
E1α subunit upon platelet activation, which enhances the pyruvate
flux toward aerobic glycolysis relative to OXPHOS.6 Therefore, we
examined whether deletion of PDK2/4 affects the phosphorylation
state of PDH in activated platelets. Compared with WT platelets,
PDK2/4−/− platelets exhibited significantly reduced collagen-
(Figure 6A) and PAR4 peptide (Figure 6B)–stimulated PDH
phosphorylation at Ser293 and Ser300. Next, we evaluated the
effects of reduced PDH phosphorylation on aerobic glycolysis in
PDK2/4−/− platelets. Using a Seahorse extracellular flux analyzer,
we measured the total proton efflux rate (total PER) and glycolytic
2352 FLORA et al
proton efflux rate (glycoPER) in resting and collagen or PAR4
peptide-stimulated WT and PDK2/4−/− platelets. The lactic acid
production by aerobic glycolysis and CO2 generated via mito-
chondrial OXPHOS are the 2 primary sources of extracellular
protons in live cells. They formulate the cells’ total PER. GlycoPER
is measured by subtracting the mitochondrial CO2-dependent
acidification from the total PER, which directly estimates aerobic
glycolysis and extracellular lactate production.28 In contrast, the
oxygen consumption rate (OCR) estimates the level of mitochon-
drial OXPHOS.6 The extent of total PER after collagen-
(supplemental Figure 4A) or PAR4 peptide (supplemental
Figure 4B)–mediated activation was significantly inhibited in
PDK2/4−/− platelets compared with WT platelets. In alignment with
the inhibition of total PER and reduction of PDH phosphorylation in
activated PDK2/4−/− platelets, the level of glycoPER in collagen
(Figure 6C) or PAR4 peptide (Figure 6D) –stimulated PDK2/4−/−

platelets was substantially reduced compared with WT platelets.
This finding suggests a negative regulation of aerobic glycolysis
and lactic acid production in activated PDK2/4−/− platelets
compared with WT controls. Although there was a significant
increase in the level of OCR in WT platelets upon collagen
13 JUNE 2023 • VOLUME 7, NUMBER 11
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stimulation, no significant difference in the OCR between collagen-
stimulated WT and PDK2/4−/− platelets was observed
(supplemental Figure 4C). These findings suggest a key role of the
PDK/PDH axis in regulating aerobic glycolysis during the transition
of platelets from a resting to an activated state.
47/2056963/blooda_adv-2023-010100-m
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The role of PDK4 is indispensable for the regulation

of arterial thrombosis

Given the wide range of inhibitory effects instigated by the com-
bined deletion of PDK2/4 on platelet functions and thrombosis, we
sought to dissect the individual contribution of these 2 PDK iso-
forms in platelets. The level of aggregation was significantly
attenuated in collagen-, PAR4 peptide-, or ADP-stimulated plate-
lets from PDK2−/− and PDK4−/− mice compared with WT platelets
(Figure 7A). Platelets from PDK4−/− mice exhibited significantly
reduced P-selectin exposure upon stimulation with either CRP-XL
or PAR4 peptide compared with the WT control. In contrast,
PDK2−/− platelets demonstrated a selective inhibition against
PAR4 peptide–evoked P-selectin exposure but not against CRP-
XL stimulation (Figure 7B). Similar results were observed with
dense granule secretion (Figure 7C). These findings suggest a
potentially important role of PDK4 in modulating platelet secretion
in comparison to PDK2. Next, we investigated the individual con-
tributions of PDK2 and PDK4 in regulating in vivo arterial throm-
bosis. The time to complete occlusion of the injured vessel was
comparable between PDK2−/− and WT mice in the 5% FeCl3
injury–induced carotid thrombosis model. However, the suscepti-
bility to arterial thrombosis was significantly reduced in PDK4−/−

mice, as suggested by a significantly prolonged occlusion time
exhibited by the injured carotid vessel compared to WT mice
(Figure 7D). No effect of either PDK2 or PDK4 deletion on the tail-
bleeding time was observed compared with WT mice (Figure 7E).
These findings suggest a significant role of PDK4 compared with
13 JUNE 2023 • VOLUME 7, NUMBER 11
PDK2 in regulating arterial thrombosis in vivo. We also observed
the expression of PDK1 and PDK3 in WT platelets. Their expres-
sion was unaltered by the deletion of PDK2 and PDK4
(supplemental Figure 5A). The treatment of PDK2/4−/− platelets
with a global PDK inhibitor, DCA (25 mM), caused a further inhi-
bition in the extent of collagen-stimulated PDK2/4−/− platelet
aggregation (supplemental Figure 5B), suggesting that PDK1 or
PDK3 (or both) might potentially contribute toward platelet acti-
vation in addition to PDK 2/4.

Discussion

Platelets play a central role in coronary artery disease and the
development of acute coronary syndromes,29 as confirmed by the
beneficial effects of antiplatelet drugs, such as P2Y12 receptor
antagonists (clopidogrel, prasugrel, and cangrelor) or cyclo-
oxygenase inhibitor (aspirin). These antiplatelet drugs elicit their
effects by targeting a specific key component or signaling pathway
in platelets to prevent their activation.30 However, physiologically,
platelet activation is the joint outcome of several molecular
signaling pathways that become stimulated concomitantly through
multiple agonist stimuli. The use of glycoprotein IIb/IIIa inhibitors
(eptifibatide, abciximab, and tirofiban) blocks integrin αIIbβ3 (a
common outcome downstream of all the platelet activation path-
ways) and is associated with an increased risk of bleeding that
limits their long-term use.31 Therefore, novel therapeutic strategies
are required that provide global protection against thrombotic
events with minimal bleeding risk. All platelet agonist-stimulated
pathways require energy to trigger a normal and sustained
platelet activation response. Therefore, targeting metabolic path-
ways by blocking vital metabolic checkpoints in platelets might
offer a potential alternative approach to preventing platelet activa-
tion, irrespective of the nature of the agonist and the stimulation of
related signaling pathways. Here, using the mutant strains, we
provide genetic evidence that mitochondrial PDK2/4 significantly
TARGETING PDKs INHIBITS PLATELET FUNCTION 2353
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contributes to platelet activation and thrombosis by regulating
aerobic glycolysis.

Previously, we have reported that the DCA, a small-molecule
inhibitor of PDKs, inhibits multiple aspects of platelet activation in
human and murine platelets.6 Although this study suggests a role of
PDKs in regulating platelet function, in our opinion, the findings
reported herein are novel for the following reasons. First, the pre-
viously published study6 did not define the genetic or definitive role
of individual PDKs in platelet biology. Second, key gaps remain in
our understanding of the underlying mechanisms by which PDKs
may regulate platelet function. Third, DCA inhibits all PDK isoforms
and may have off-target effects. Because PDK2/4 isoforms are
prominently associated with metabolic diseases, we used com-
bined PDK2/4-deficient mice in this study. We provide genetic
evidence for the first time that PDKs regulate multiple aspects of
platelet activation, including aggregation, integrin αIIbβ3 activation,
degranulation, spreading, and clot retraction upon stimulation with
a variety of platelet agonists. Notably, we observed impaired
platelet aggregation only at suboptimal agonist concentrations, and
increasing the extent of agonist stimulation reversed these effects.
Although activated platelets exhibit a preferentially glycolytic
phenotype, remarkable metabolic flexibility exists in platelets that
allow them to switch between OXPHOS, fatty acid oxidation, and
glutaminolysis to support the bioenergetic demands in plate-
lets,12,32-34 which can potentially overcome the effects of PDK2/4
deletion when challenged by higher agonist concentrations. The
PDK2/4−/− mice demonstrated reduced susceptibility to arterial
thrombosis in both laser- and FeCl3-induced injury models. These
findings validated our premise that targeting mitochondrial
enzymes might confer a broad range of protection against multiple
platelet stimuli and is not restricted to a specific agonist and its
related activation pathway.

We also investigated the underlying mechanisms by which PDK2/4
may contribute to platelet activation and, thereby, thrombosis. The
transition of platelets from a quiescent state to an activated state is
characterized by a dramatic shift in the energy requirement and the
availability of ATP. Resting platelets use OXPHOS and aerobic
glycolysis to maintain their baseline ATP requirements. In contrast,
platelet activation is characterized by a predominantly increased
rate of aerobic glycolysis relative to OXPHOS.12,32 Upon platelet
activation, PDKs phosphorylate the PDH complex to inhibit its
activity, which diverts the pyruvate flux toward aerobic glycolysis to
Figure 7. PDK4 is the major determinant contributing to thrombosis in the FeCl3 i

or PDK2−/− or PDK4−/− mice was stimulated with collagen (0.4 μg/mL), PAR4 peptide (4

transmission with respect to the blank (buffer without platelets), set at 100%. The represen

Statistical analysis: 1-way ANOVA followed by Tukey’s multiple comparisons test *P < .05

exposure) in WT, PDK2−/− and PDK4−/− platelets (in PRP) stimulated with CRP-XL (0.1 μ
mean ± SEM, n = 4 mice per group. Statistical analysis: 2-way ANOVA followed by Tukey’s

dense granules of WT, PDK2−/−, and PDK4−/− platelets (in PRP) after stimulation with coll

Values are mean ± SE n = 4 mice per group. Statistical analysis: 1-way ANOVA followed

representative image of carotid artery thrombus (5% FeCl3 injury for 2 minutes) as visualiz

were labeled ex vivo with calcein green. The time to occlusion is shown. These experimen

group for both PDK2−/− and PDK4−/− mice. Values are mean ± SEM, n = 8 mice per group

PDK2−/−, and PDK4−/− male mice was determined by the time taken for the initial cessation

Statistical analysis: Mann-Whitney U test. (F) A schematic depicting the role of PDK/PDH
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generate lactic acid (relative to its restricted oxidation via the
mitochondrial OXPHOS). Treatment with DCA has been reported
to reduce the level of PDH phosphorylation upon platelet activa-
tion.8 In alignment with this, we found that combined genetic
deletion of PDK2/4 downregulates PDH phosphorylation at the
serine-293 and serine-300 residues35 in collagen or PAR4
peptide-stimulated platelets.

Furthermore, we observed that agonist-stimulated PDK2/4-
deficient platelets exhibit reduced glycoPER, suggesting inhibi-
tion of aerobic glycolysis and lactic acid synthesis. These findings
provide genetic evidence implicating the role of mitochondrial
PDK/PDH axis in regulating aerobic glycolysis in platelets and
could be 1 of the primary sources of ATP generation during platelet
activation. A significant increase in the OCR was also observed in
collagen-stimulated WT platelets, which was indistinguishable from
the OCR demonstrated by collagen-stimulated PDK2/4−/− plate-
lets. This outcome reinforces the understanding that platelets
exhibit a preferentially glycolytic phenotype relative to OXPHOS
upon activation.32 A similar scenario exists in various cancer36 and
blood cells (T-cells, monocytes, macrophages, and dendritic
cells),37-39 where glycolysis and OXPHOS cooperate to maintain
the cellular energetic balance to meet the total ATP requirements
of the cell. For instance, the inability of OXPHOS to meet the high
energy requirement during the proliferation of cancer cells is
compensated by the increased function of glycolysis.40 Despite
aerobic glycolysis being a less efficient energy generation pathway
(yields 2 ATP molecules per molecule of glucose) in contrast to
OXPHOS (yields 36 ATP molecules per molecule of glucose), it
exhibits an accelerated generation of ATP through rapid glucose
metabolism.36,40 Previously, it was shown that the rate of ATP
generation is 100× faster in aerobic glycolysis than that in
OXPHOS.40 This favors the high energy–driven transformation of
platelets from resting to an activated state to form a blood clot and
prevent rapid blood loss. The reduced aerobic glycolysis in
collagen-stimulated PDK2/4−/− platelets was associated with
attenuated PLCγ2 phosphorylation and CRP-XL–stimulated cal-
cium mobilization. This suggests a potential link between PDK2/4,
aerobic glycolysis, and GPVI signaling in platelets. The possibility
that aerobic glycolysis side products could be involved in PDK2/4–
dependent GPVI signaling cannot be ruled out. Further metab-
olomic studies are required to identify the underlying mechanism by
which aerobic glycolysis or its side products are linked to GPVI
signaling in platelets.
njury–induced carotid thrombosis model. (A) Platelet-rich plasma (PRP) from WT

0 μM), or ADP (0.13 μM). Results are expressed as the percent change in light

tative aggregation curves are shown. Values are mean ± SEM, n = 4 mice per group.

; **P < .01 and ***P < .001 (B) The extent of α-granule secretion (using P-selectin

g/mL) or PAR4 peptide(100 μM) was determined using flow cytometry. Values are

multiple comparisons test; ***P < .001 and ****P < .0001. (C) ATP secretion from the

agen (0.8 μg/mL) or PAR4 peptide (70 μM) was measured using Lumi-aggregometry.

by Tukey’s multiple comparisons test *P < .05; **P < .01 and ****P < .0001. (D) A

ed by intravital microscopy in WT, PDK2−/−, and PDK4−/− male mice. Platelets

ts were performed in the same setup with the same WT mice serving as a control

. Statistical analysis: Mann-Whitney U test. *P < .05 (E) The tail-bleeding time in WT,

of bleeding after the tail transection. Values are mean ± SEM, n = 6 mice per group.

axis in regulating platelet activation.
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PDK2/4 is expressed by other cell types, including endothelium,
neutrophils, and monocytes. These cells play a pivotal role in
forming a thrombus through their interaction with platelets.24,41

Using adoptive transfer experiments in thrombocytopenic hIL-
4Rα/GPIbα-Tg mice that were transfused with PDK2/4−/− platelets
or WT platelets, we provide evidence that platelet-specific PDK2/4
contributes to arterial thrombosis in vivo. We could not use
platelet-specific PDK2/4 mice because PDK2/4 floxed mice do not
exist. Though adoptive transfer experiments suggest a role of
platelet PDK2/4 in modulating platelet functions, studies using
mice with platelet-specific PDK2/4 deficiency are required to
conclusively delineate the platelet-specific roles of PDKs in platelet
biology.

Furthermore, using single-knockout mice, we further dissected the
functional role of individual PDK2 and PDK4 in platelets. We pro-
vide evidence that although both PDK2 and PDK4 regulate
agonist-induced platelet aggregation in vitro, PDK4 plays a pre-
dominant role in regulating platelet secretion and arterial throm-
bosis in vivo. Secretion of prothrombotic mediators from
platelet alpha and dense granules are highly critical for the acti-
vation of circulating platelets and their recruitment to the growing
thrombus. A lack of effect on arterial thrombosis in PDK2−/− mice
can therefore be partly attributed to normal GPVI receptor–
mediated secretion in PDK2−/− platelets. Furthermore, we also
speculate that, in contrast to PDK2, PDK4 in other cell types,
including neutrophils (known to exhibit a high rate of aerobic
glycolysis)10 contributes to arterial thrombosis in vivo.24,41 How-
ever, this speculation would require further investigation. These
observations in platelets partly resonate with the previous reports
that demonstrate a more prominent role of PDK4 in contributing to
normal physiological functions in various other cell types
and related pathologies.14 Although our investigation provides
compelling evidence that suggests the role of PDK2/4 in regulating
platelet activation, the role of PDK1 or PDK3 (or both) cannot
be ruled out and requires further evaluation using mutant mice
models.

Comorbidities such as type 2 diabetes, obesity, and cancer are
well-established risk factors that can cause platelet hyperactivity
and thrombosis.42-44 These comorbidities also demonstrate post-
transcriptional upregulation of 1 or more PDKs, whereby affected
cells favor ATP production by aerobic glycolysis relative to
OXPHOS.45,46 Experimental targeting of PDKs to treat these dis-
orders through pharmacological inhibition or genetic deletion has
shown promising therapeutic outcomes.45,47,48 The previous find-
ings combined with the data presented in this study suggest that
targeting the PDK/PDH axis may confer a broad spectrum of
13 JUNE 2023 • VOLUME 7, NUMBER 11
protective effects in vivo. The development of the PDK/PDH axis
into an antithrombotic target will require a comprehensive evalua-
tion to ensure a balance between its ability to limit thrombosis and
ensure a normal hemostatic response. Notably, the inhibition of
thrombosis in PDK2/4−/− mice or treatment with DCA6 did not
affect hemostasis.

While this study conclusively demonstrates the antithrombotic
effects of targeting PDK2/4, it has limitations. We did not examine
the role of PDK2/4 in platelets in the context of preexisting
comorbidities, including diabetes, or in those from patients with
coronary artery disease. As patients with coronary artery disease
are at risk for arterial thrombosis, future investigations encom-
passing such comorbidities are warranted to provide key trans-
lational insights on the role of PDK2/4 in platelet function in the
context of diseases. In summary, our findings suggest that PDKs
regulate aerobic glycolysis in platelets to modulate multiple aspects
of platelet activation, including aggregation, secretion, and molec-
ular signaling (Figure 7F).
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