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Recent studies suggest prediabetes is an independent risk factor for cardiovascular thrombotic events. However, the
mechanisms that may promote platelet activation and thrombosis in prediabetes remain elusive. To determine mechanisms
linking prediabetes and thrombosis as a function of age, we recruited military veterans with prediabetes and veterans who
were normoglycemic, in young and middle-age groups. Compared with normoglycemic participants, platelets from those
with prediabetes exhibited increased activation, mitochondrial oxidant load, mitochondrial membrane hyperpolarization,
and greater thrombus formation ex vivo regardless of age. Preincubation of platelets with mitochondria-targeted
antioxidants, such as SOD mimetic or mitoquinol (MitoQ), rescued this prothrombotic phenotype. These phenotypes were
recapitulated in C57BL6/) mice exhibiting early onset of glucose intolerance when fed a high-fat (HF) diet for 2 weeks.
Treatment of HF-fed mice with a SOD mimetic or MitoQ, or genetic overexpression of catalase within mitochondria, not only
lowered mitochondrial oxidants, hyperpolarization, Ca* levels, and platelet activation but also protected against increased
potential for carotid and pulmonary thrombosis. We also observed a bidirectional regulation of platelet activation by Ca**
and mitochondrial oxidants. These findings support the idea that mitochondrial oxidant-dependent platelet activation
induces a prothrombotic state in clinical prediabetes and preclinical models of short-term glucose intolerance and can be

reversed by mitochondria-targeted antioxidants.

Introduction
The prevalence of prediabetes, defined by the American Diabetes
Association as a fasting blood glucose (FBG) level of 100-125 mg/
dL and/or a hemoglobin Alc (HbAlc) of 5.7% to 6.4%, is increas-
ing globally (1-3). Importantly, prediabetes is increasingly recog-
nized as a risk factor not only for developing type 2 diabetes (T2D)
but also for the development of cardiovascular diseases (CVDs).
For example, in several large meta-analyses and prospective cohort
studies, prediabetes was associated with increased risk of all-cause
mortality and cardiovascular (CV) events (4-6). Furthermore, an
umbrella assessment of systematic reviews and meta-analyses of
prospective studies found that prediabetes raises risk for CVD by
39% compared with the risk for individuals with normal glucose
levels (7). However, the mechanisms that underlie the association
between prediabetes and thrombotic CVD are not known.
Emerging studies focusing on younger individuals suggest that
this cohort is also vulnerable to prediabetes-associated CVD. In
these individuals, prediabetes increases the risk of hospitalization
for myocardial infarction (8) and is associated with worse prognosis
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after ischemic stroke (9). Interestingly, a study observed that though
prediabetes was associated with greater risk for CVD and all-cause
mortality in most age groups, the effect size was attenuated with
increasing age (10). Hence, studying prediabetes in both young and
older individuals has the potential to identify early cellular or met-
abolic abnormalities that may inform advocacy for additional pre-
ventive measures or for the development of therapeutic approaches.
Studies of middle-aged or elderly individuals or of aged mice
from our laboratory and others have indicated that increased plate-
let activation that occurs with age is likely mediated by increase in
platelet oxidants (11-14). Studies of animal models also suggest
that approaches to lower platelet oxidants or hyperactivity prevent
age-associated excessive thrombus formation (11, 15, 16). Using
aged mice, we recently showed that this age-associated phenome-
non is not regulated by Nox2-NADPH oxidase (17) but that mito-
chondria-generated oxidants (mito-oxidants) may be an important
mediator (13). A similar phenomenon has been observed in patients
with established T2D, in whom platelet mitochondrial dysfunction
in association with modifications of mitochondrial antioxidant
stress proteins was reported (18). Whether such a phenomenon also
exists in young and aged individuals with prediabetes and mediates
platelet hyperactivity and prothrombotic phenotype is not known.
Therefore, the objective of this study was 2-fold: first, to test
that a prothrombotic platelet phenotype exists in younger and mid-
dle-aged adults with prediabetes and second, using ex vivo and in
vivo approaches in clinical and preclinical models, respectively,
to test whether the prothrombotic phenotype is mediated by the
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Table 1. Demographics, baseline clinical variables, biochemistry, and complete blood counts

Young control Young with prediabetes Aged control Aged with prediabetes
No. 25 19 22 19
Age (yr) 36 (25-49) 38 (27-47) 59 (53-64) 56 (50-62)
Male sex (%) 84 84 73 89
BMI 274 (22.6-315) 29.5(25.1-315) 279 (21-316) 299 (24-31.9)
FBG (mg/dL) 92 (81-98) 105 (98-124)* 95 (81-99) 106 (99-124)*
HbA1c (%) 51(4.6-5.6) 54 (5.0-6.3)° 5.3 (4.8-5.6) 5.7 (51-71)*
Insulin (uU/mL) 2.8(1.8-4.9) 6.2 (3.7-25.8)* 31(1.7-8.5) 75(29-20.9)
HOMA-IR 0.61(0.4-12) 1.6 (1.0-72* 0.72 (0.4-1.8) 2.0(0.7-6.4)*
SBP (mmHg) 118 (98-147) 127 (106-148) 125 (105-168) 139 (117-169)°
DBP (mmHg) 68 (54-94) 76 (62-93) 75 (64-110)¢ 83 (70-95)
Cholesterol (mg/dL) 183 (144-265) 195 (140-258) 180 (141-241) 199 (132-263)
LDL (mg/dL) 100 (78-185) 125 (75-166) 103 (67-139) 123 (67-184)
HDL (mg/dL) 60 (35-87) 42 (31-69)° 62 (29-124) 44 (32-85)
Triglycerides (mg/dL) 72 (39-353) 126 (74-263) 78 (37-354) 135 (51-316)
Platelet (x 10%/pL) 225 (135-352) 234 (167-381) 249 (143-315) 218 (103-310)
Mean platelet volume (fL) 10.7 (8.9-12.7) 10.8 (8.9-14.5) 10.7 (8.8-14.1) 10.9 (8.9-13.9)
WBC count (x 10%/uL) 4.6 (2.7-6.6) 5.8 (3.2-12.5) 55(29-72) 5.8(22-83)
Hematocrit (%) 45.6 (39-53.9) 46.3 (41.5-52.7) 445 (39.4-53.8) 48.2 (37.6-64.3)
Neutrophil count (x 103/pL) 25(1.6-3.7) 32(2.0-10.7) 33(1.5-4.9) 33(14-57)
Lymphocyte count (x 10°/pL) 1.8 (0.9-2.6) 1.9 (11-2.8) 1.5(11-2.0) 1.8 (0.6-2.9)
Neutrophil/lymphocyte ratio 15 (11-21) 1.8 (0.95-2.6) 21(1.2-3.25)¢ 2.0(0.9-413)

AP < 0.0001 vs. control cohort of same age group. 8P < 0.05 vs. control cohort of same age group. P < 0.001 vs. control cohort of same age group. °P < 0.01

vs. control cohort of same age group. ¥P < 0.05 vs. young control.

increased burden of intraplatelet mito-oxidants whose levels could
be therapeutically targeted.

Results

Demographics, baseline characteristics, and complete blood cell count. We
studied 19 young (aged 18-50 years) and 19 middle-aged (51-64
years) military veterans with prediabetes. We also recruited 25
young and 22 middle-aged military veterans with normoglycemia
(FBG < 100 mg/dL and HbAlc < 5.7%) as control participants.
Demographics, baseline characteristics, serum chemistry findings,
and complete blood cell counts of the patients and control partic-
ipants are summarized in Table 1. The FBG, HbAlc, insulin, and
Homeostasis Model Assessment of Insulin Resistance (HOMA-IR)
values were increased in both young and middle-aged participants
with prediabetes relative to normoglycemic young or middle-aged
control participants, respectively. Other parameters, such as sys-
tolic BP (SBP), diastolic BP (DBP), cholesterol, LDL, HDL, and
triglyceride levels, were mostly not different among groups, but an
increase in SBP in middle-aged participants with prediabetes or
DBP in middle-aged control participants and a decreased HDL lev-
el in young participants with prediabetes were noted. The complete
blood cell counts also were comparable among the groups except
that an increase in neutrophil count was noted in young partici-
pants with prediabetes and an increase in the neutrophil/lympho-
cyte ratio was observed in middle-aged control participants. One
and 2 patients in young control and young prediabetic groups,
respectively, were taking antihypertensive drugs. In the middle-aged
control group, 3 individuals were taking lipid-lowering drugs, and 1
was taking antihypertensive medication. In the middle-aged predi-

:

abetic group, 3 participants were taking lipid-lowering drugs, and 4
were taking antihypertensive medication.

Prediabetes enhanced agonist-induced platelet activation and throm-
bus formation ex vivo. To evaluate alterations in platelet activation
as a function of prediabetes or age, we examined markers for

integrin activation (i.e., activated o, B3), fibrinogen binding, and

11
granule release (P-selectin) in the w;shed platelets in the absence
(resting state) or presence (activated state) of the agonist, thrombin.
There were no alterations for these markers at resting state among
4 groups (Figure 1, A-C). Two submaximal doses of thrombin
(0.02 and 0.05 U/mL) were used to capture differential sensitivi-
ty of platelets due to prediabetes or age, and we observed a dose-
dependent increase in mean fluorescence for these platelet activa-
tion markers in all 4 groups.

After activation, the main effect of prediabetes was evident for
all 3 activation markers within each dose of thrombin. A signifi-
cant increase due to age among normoglycemic participants was
observed for activated o, B3 at both doses of thrombin and for
P-selectin at the higher dose of thrombin. However, among the
participants with prediabetes, increased platelet activation with
advancing age was not evident. In fact, young participants with pre-
diabetes had an increasing trend for platelet activation compared
with the middle-aged participants with prediabetes. Middle-aged
participants with prediabetes did not have any significant increase
when compared with the middle-aged normoglycemic participants
for any of the platelet activation markers.

Platelet accumulation and ex vivo thrombus formation were
assessed in a microfluidic flow chamber after 5 minutes of superfu-
sion on the collagen coated surface. Prediabetes was associated with

J Clin Invest. 2026;136(4):e195662 https://doi.org/10.1172/JCI195662
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Figure 1. Platelets from patients with prediabetes show hyperactivity at both young and older ages. \Washed platelets were incubated with antibody

against (A) activated o, 3, (B

) fibrinogen, or (C) P-selectin, in the absence or presence of thrombin (n = 2 doses) for 10 minutes; diluted in PBS; fixed;

and analyzed via flow cytometry. Data are presented as mean + SEM and analyzed using 2-way ANOVA with Tukey's test for multiple-group compari-

sons on log-transformed values. n = 14-24/group. (D) Calcein green-labeled washed platelets were suspended in Tyrode's buffer and superfused over a
collagen-coated microfluidic chamber under arterial shear stress. Representative images of platelet accumulation after 5 minutes of superfusion for each
group are shown. Scale bar: 100 um. (E) Quantification of D is shown as MFI, presented as mean + SEM and analyzed using 2-way ANOVA with Tukey's test
for multiple-group comparisons on log-transformed values. n = 12-19/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

significant increase in ex vivo thrombus formation in both young
and middle-aged participants (Figure 1, D and E). There was also a
greater accumulation of platelets in middle-aged participants with
prediabetes compared with the middle-aged normoglycemic group.

Prediabetes aggravated platelet mito-oxidant levels, aggravated mito-
chondrial membrane hyperpolarization, and increased phosphatidylser-
ine exposure. We next tested whether prediabetes or age was asso-
ciated with increased platelet mito-oxidants in our cohort. Using
the oxidative fluorescent dye MitoSOX, we measured accumula-
tion of oxidants within mitochondria. Under resting conditions,
increased MitoSOX fluorescence was observed in the young par-
ticipants with prediabetes compared with the young control partic-
ipants and middle-aged participants with prediabetes (Figure 2A).
Upon agonist activation, an increase in MitoSOX fluorescence
was seen in all groups, but enhancement in the participants with
prediabetes exceeded the increase in age-matched control groups.
The measurement of mitochondrial membrane potential (Aym)
using tetramethylrhodamine, methyl ester (TMRM), fluorescence
revealed mitochondrial hyperpolarization in both groups with pre-
diabetes compared with age-matched control groups (Figure 2B).

J Clin Invest. 2026;136(4):e195662 https://doi.org/10.1172/JC1195662

Treatment with the uncoupler carbonyl cyanide-p-trifluorome-
thoxyphenylhydrazone (FCCP) collapsed the Aym in all groups;
the residual Aym remained modestly higher in those with predia-
betes; but the difference from the control group was not significant.
Annexin V binding demonstrating phosphatidylserine (PS) expo-
sure in platelets was similar in the resting state among the 4 groups
but was increased upon agonist stimulation in platelets from both
the young and middle-aged participants with prediabetes relative to
the age-matched control participants (Figure 2C). In contrast with
findings for integrin activation, fibrinogen binding, or P-selectin,
the middle-aged participants with prediabetes had a significant
increase in MitoSOX and TMRM fluorescence and PS exposure
compared with the middle-aged normoglycemic participants, sug-
gesting an additive effect of prediabetes in middle-aged individuals
for these parameters.

Correlation matrix. To assess the relationships among age, FBG,
HbAc, insulin, HOMA-IR, BMI, BP, lipids, and platelet activation
parameters, a correlation matrix analysis was performed (Figure 2,
D and E). Age was associated positively with FBG, HbAlc, SBP (P
<0.05to P<0.01), and DBP (P < 0.000001) and with only 1 mark-

:


https://doi.org/10.1172/JCI195662

RESEARCH ARTICLE

The Journal of Clinical Investigation

*%k
A 3000- ¢ Young control B 20000~ ¢ Young control
* Young prediabetic * * Young prediabetic
» Aged control *kkk + Aged control
4 Aged prediabetic s + Aged prediabetic
*%k
150004
= : =
LL 20004 o
=
= . =
< * . =
S 100004
o s
D *kk %
[e}
E 10004 =
ad 50001 o
A : * L]
o
o 0 R At [ A
] ° AugAh A& 4
0- 2 o | % e, EE
Thrombin (U/mL) 0.0 (+) FCCP
Convulxin (ng/mL) 0.0
5
= 2
© oS c %
x & 258£E£7D
c D o D 5 O® 20 EX
= § 3 S0n20%0 E
= S=20o0 0052 0 o
* Young control $5Ro30mEea2Es%E2S
_ * Young prediabetic <OLIESEITNOOIFsiLa<=SF 1
4000 0
+ Aged control Age
+ Aged prediabetic BMI
ok FBG
~— 30004 Hb A1c
o ; L {05
s * Insulin
£ HOMA-IR ||
> A SBP
— 20004 “ DBP
£ .
Q Cholesterol 0
N
g A LDL
< 10004 A Triglyceride
N q),B3 activation
A A " .
ad Fibrinogen -0.5
i f
o 4 P-selectin
.0~ Annexin V
Thrombin (U/mL) 0.0 Mito oxidants
Convulxin (ng/mL) 0.0 TMRM [ ] 1.0
P values for figure 2D (correlation matrix)
Age BMI FBG Hb A1c Insulin HOMA-IR  SBP DBP  Cholesterol LDL  Triglyceride a,, B3 activation Fibrinogen P-selectin Annexin V Mito oxidants TMRM
Age 0.28928 0.022404 0.0020704 0.069699 0.064236 0.02661 7.52E-05 0.9161747 0.337743 0.178352008  0.002024904 0.74559157 0.31080254 0.38027514 0.611840596 0.143647]
BMI 0.28928 0.000524 0.0027054 0.000267 0.000137 0.00075 4.89E-06 0.97839376 0.69166 2.35737E-05  0.044183672 0.01544719 0.04270889 0.10442973  0.124181993 0.079486|
FBG 0.0224045 0.000524 1.117E-08  2E-15 5.02E-19 46E-05 1.01E-05 0.2058031 0.113966 1.12534E-07  2.02494E-05 5.3211E-05 0.00046906 2.1504E-05 1.24936E-05 0.001259)
Hb Alc 0.0020704 0.002705 1.12E-08 9.38E-07 2.29E-07 0.04889 0.003637 0.82351997 0.622209 5.98366E-06  0.000212374 0.00360444 0.01581855 0.00317883  0.026077649 0.000945
Insulin 0.0696992 0.000267  2E-15 9.384E-07 2.34E-78 0.00052 0.000227 0.16189233 0.081925 4.80129E-05  7.76549E-06 2.0638E-06 0.00023204 1.2576E-06  3.94569E-06 5.63E-06
HOMA-IR 0.0642364 0.000137 5.02E-19 2.285E-07 2.34E-78 0.00039 0.000143 0.18245659 0.086072 2.32915E-05 2.0751E-06 9.7755E-07 0.0001464 1.4829E-06  1.63081E-06 8.35E-06
SBP 0.026608 0.000754 4.64E-05 0.0488855 0.00052 0.000392 2.1E-13 0.57842857 0.198248 0.000129618  0.413890169 0.21872207 0.96801238 0.00595367  0.065328638 0.062642)
DBP 7.516E-05 4.89E-06 1.01E-05 0.0036373 0.000227 0.000143 2.1E-13 0.97041014 0.484137 5.30678E-05  0.068701285  0.156097 0.26732667 0.28508103  0.130896751 0.068505
Cholesterol 0.9161747 0.978394 0.205803  0.82352 0.161892 0.182457 0.57843 0.97041 5.26E-26 0.670316777  0.682547472 0.73430222 0.51497654 0.20858746  0.298523761 0.635599)
LDL 0.3377427 0.69166 0.113966 0.6222092 0.081925 0.086072 0.19825 0.484137 5.264E-26 063223697  0.989057377 0.44525431 0.33168058 0.02766619  0.057288536 0.41518
Triglyceride 0.178352 2.36E-05 1.13E-07 5.984E-06 4.8E-05 2.33E-05 0.00013 5.31E-05 0.67031678 0.632237 0.004872563 0.00901563 0.00330275 0.01136574  0.050200238 0.047211
a,, B3 activation [ 0.0020249 0.044184 2.02E-05 0.0002124 7.77E-06 2.08E-06 0.41389 0.068701 0.68254747 0.989057 0.004872563 8.3068E-05 1.3062E-06 0.00495037  0.00398855 0.003672)
Fibrinogen 0.7455916 0.015447 5.32E-05 0.0036044 2.06E-06 9.78E-07 0.21872 0.156097 0.73430222 0.445254 0.009015627  8.30678E-05 2.9521E-06 0.00101143  0.000415031 0.001979)
P-selectin 0.3108025 0.042709 0.000469 0.0158185 0.000232 0.000146 0.96801 0.267327 0.51497654 0.331681 0.003302754  1.30618E-06 2.9521E-06 0.28433216  0.000569094 6.5E-07,
Annexin V 0.3802751 0.10443 2.15E-05 0.0031788 1.26E-06 1.48E-06 0.00595 0.285081 0.20858746 0.027666 0.011365735  0.004950373 0.00101143 0.28433216 0.000174658 0.001728
Mito oxidants | 0.6118406 0.124182 1.25E-05 0.0260776 3.95E-06 1.63E-06 0.06533 0.130897 0.29852376 0.057289 0.050200238 0.00398855 0.00041503 0.00056909 0.00017466 0.003913
TMRM 0.1436469 0.079486 0.001259 0.0009446 5.63E-06 8.35E-06 0.06264 0.068505 0.63559884 0.41518 0.047211239  0.003672415 0.00197922 6.502E-07 0.00172762  0.003912979

Figure 2. Platelets from participants with prediabetes have increased concentrations of mito-oxidants, mitochondrial membrane hyperpolarization,
and PS exposure. \Washed platelets were prepared, and (A) mitochondrial pro-oxidants were detected by incubating platelets with 2.5 uM MitoSOX in the
absence or presence of thrombin and convulxin; (B) Aym was detected by incubating platelets with TMRM dye for 10 minutes in the presence or absence
of FCCP; and (C) PS exposure was measured by annexin V binding in washed platelets in the absence or presence of thrombin and convulxin activation.
Samples were evaluated via flow cytometry, and MFI data are presented as mean + SEM and analyzed using 2-way ANOVA with Tukey's test for multi-
ple-group comparisons within each treatment. n = 9-22/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D) A heatmap showing associations
among different variables using the Spearman'’s correlation. n = 85. (E) Correspondent P values for D.

er of platelet activation (i.e., activated integrin, P < 0.01). Likewise,
BMI was associated positively with FBG, HbAlc, insulin, HOMA-
IR, SBP, DBP, and triglyceride values (P < 0.05 to P < 0.000001),
and with platelet integrin activation, as well as with fibrinogen and
P-selectin (P < 0.05 for all 3 markers). There was no association

:

of age with BMI in our cohort. All the markers of platelet acti-
vation showed the strongest associations with HOMA-IR, insulin,
and FBG (P < 0.001 to P < 0.0000001), and HbAlc (P < 0.05 to
P <0.0001). There were no associations between platelet activation
markers and DBP or total cholesterol. LDL and SBP were associ-

J Clin Invest. 2026;136(4):e195662 https://doi.org/10.1172/JCI195662
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ated with only annexin V (P < 0.05 and P < 0.01, respectively), and
triglycerides had significant associations with most platelet activa-
tion markers (P < 0.05 to P < 0.01). Both mito-oxidant and TMRM
staining were positively associated with all the platelet activation
markers (P < 0.01 to P < 0.0001), suggesting a mechanistic link.

A SOD2 mimetic (GC4419) and lipid peroxide—targeting drug,
mitoquinol, lowered mito-oxidant burden and decreased platelet activation
and ex vivo thrombus growth in prediabetes. Given the elevated bur-
den of platelet mito-oxidants in prediabetes, we questioned wheth-
er this increase is due to a compromised expression or activity of
the SOD2 enzyme, which is exclusively expressed in mitochondria
where it dismutates superoxide. No alteration in levels of SOD2
protein by Western blot as a function of age or prediabetes was
observed (Supplemental Figure 1, A and B; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI195662DS1). Considering that posttranslational modifications
may contribute to impaired mitochondrial antioxidant defense
despite unaltered protein expression, we measured SOD2 activity
and observed significant reduction in the participants with predia-
betes (Supplemental Figure 1C).

We then tested whether supplementing platelets with a small-
molecule SOD mimetic, avasopasem (GC4419; Galera Therapeu-
tics) (13), could decrease mito-oxidants, platelet activation, and the
likelihood of ex vivo platelet thrombus formation. GC4419 is taken
up by mitochondria and mimics the activity of SOD2 (19). Ex vivo
treatment with 2 doses of GC4419 protected platelets from predia-
betes-induced hyperactivity in both young and middle-aged groups,
manifested by a significant lowering of the mito-oxidant load as well
as reduced integrin activation, fibrinogen binding, granule release,
and PS exposure (Figure 3, A-E). GC4419 also lowered integrin
activation, fibrinogen, and granule release in the middle-aged nor-
moglycemic participants. Furthermore, GC4419 prevented exces-
sive platelet thrombus formation on collagen under shear stress
conditions in both prediabetes groups and in the middle-aged nor-
moglycemic participants (Figure 3F and Supplemental Figure 2A).

As a complementary approach, we treated platelets with the
mitochondria-targeted antioxidant mitoquinol (MitoQ), which is
positively charged with a triphenyl phosphonium ion and accu-
mulates in mitochondria, where it decreases lipid peroxidation by
acting as a chain-breaking antioxidant by neutralizing lipid perox-
yl radicals (20). Prior treatment of platelets with MitoQ prevent-
ed enhancement of mito-oxidants, integrin activation, fibrinogen
binding, granule release, and PS exposure in both prediabetes
groups but not in any control groups (Figure 4, A-E). Treatment
with MitoQ also protected from excessive platelet accumulation on
collagen under shear stress in the young age group with prediabetes
and both middle-aged normoglycemic and middle-aged prediabetes
groups (Figure 4F and Supplemental Figure 2B).

Mice with early onset of glucose intolerance developed a prothrombotic
phenotype that is preventable with a SOD mimetic. To test the antiplate-
let and antithrombotic efficacy of the SOD mimetic (GC4419) in
an in vivo system, we established a mouse model mimicking early-
onset glucose intolerance, which we used as a model of prediabetes.
C57BL6/J mice were fed a high-fat (HF) diet for a short duration (2
weeks). Relative to chow-fed mice, HF-fed mice gained about 10%
more weight and exhibited glucose intolerance, increased fasting
and random glucose levels, and higher insulin level at baseline and
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30 minutes after dextrose injection (1 g/kg) (Supplemental Figure
3, A-E). Platelet flow cytometry revealed that the mice fed the HF
diet for 2 weeks had increased platelet integrin activation, granule
release, PS exposure, and mito-oxidant levels compared with chow-
fed mice (Supplemental Figure 3, F-I). These findings mimic the
findings in the human participants with prediabetes.

To test the protective effects of GC4419, 1 week after mice were
fed the HF or chow diet, GC4419 (10 mg/kg daily via i.p. injection)
or vehicle buffer was administered (13), and platelets were har-
vested after 1 week of treatment. Treatment with GC4419 did not
affect agonist-induced platelet activation or mito-oxidant levels in
mice fed the chow diet; however, it prevented the increase in mito-
oxidants, integrin activation, P-selectin expression, and PS expo-
sure in mice fed the HF diet (Supplemental Figure 4, A-D). Impor-
tantly, although the photochemical injury to the carotid artery
caused a significantly shorter time to form an occlusive thrombus
in HF-fed mice treated with vehicle buffer relative to mice fed the
chow diet, treatment with GC4419 prevented HF-fed mice from
this accelerated thrombus formation (Supplemental Figure 4E).

In a complementary model of platelet activation-induced pul-
monary thrombosis, infusion of collagen in mice treated with vehicle
buffer caused rapid death in HF-fed mice compared with chow-fed
mice. Treatment with GC4419 prolonged time to death in HF-fed
mice to rates similar to those of chow-fed mice treated with buffer
or GC4419 (Supplemental Figure 4F). Bleeding time assessed by tail
transection was similar in all groups regardless of diet or treatment
with GC4419 (Supplemental Figure 4G). Additionally, treatment
with GC4419 did not alter glucose tolerance test (GTT) results in
mice fed the chow or HF diet (Supplemental Figure 5, A and B).

Treatment of mice fed the HF diet with MitoQ reduced mito-oxidant
levels, platelet activation, and in vivo thrombosis in part by influencing
platelet Ca®* mobilization. To test the protective effects of MitoQ, we
treated mice with MitoQ (1 mg/kg daily via i.p. injection) or vehicle
buffer starting a week after they were fed the HF or chow diet. After
a week of MitoQ treatment, platelets were isolated from whole
blood. Although in vivo treatment with MitoQ did not affect agonist-
induced platelet mito-oxidant generation or platelet activation
in mice fed the chow diet, it prevented mice fed the HF diet from
increased mito-oxidants, integrin activation, and PS exposure (Fig-
ure 5, A—C). In HF-fed mice treated with vehicle buffer, time to sta-
ble occlusion of the carotid artery after photochemical injury was
significantly shorter relative to mice fed the chow diet, and treat-
ment with MitoQ prevented this accelerated thrombosis in HF-fed
mice (Figure 5D). Furthermore, the mice fed HF diet treated with
vehicle buffer died rapidly with infusion of collagen compared
with chow-fed mice, and treatment with MitoQ prolonged time to
death in HF-fed mice similar to chow-fed mice treated with buffer
or MitoQ (Figure 5E). Bleeding time assessed by tail transection
was similar in all groups regardless of diet or treatment with MitoQ
(Figure 5F). Treatment with MitoQ also did not alter GTT results
in mice fed the chow or HF diet (Supplemental Figure 6, A and B).

To gain mechanistic insight into the role of MitoQ, we first
measured lipid peroxide levels and Aym in platelets. In vehicle
buffer—treated mice, we observed that platelets from mice fed the
HF diet, compared with mice fed the chow diet, had increased
lipid peroxide levels when activated with thrombin or thrombin
plus convulxin (Figure 6, A and B) and a higher Aym (Figure

:


https://doi.org/10.1172/JCI195662
https://doi.org/10.1172/JCI195662DS1
https://doi.org/10.1172/JCI195662DS1

RESEARCH ARTICLE

A « 0.05 U/mL thrombin + 50 ng/mL convulxin
o +20 uM GC4419
e +50 yM GC4419
2500+ [—*
* *
L]
2000
L]
L
2 1500 .
X
O L]
B 10004
= ..
= ° %t & .:o :’: o o
o
500 . gIE: * ee,®
L] ° °
Young Young Aged Aged
control prediabetes  control prediabetes
C e 0.05 U/mL thrombin
+20 uM GC4419
e +50 M GC4419
8000~ ** * *k
*%k%k *
o *
L]
— 60004
Ll- L]
=3 .
3
c L]
& 4000
o
£
ﬁ . . %,
20009 & . 3
(]
o :
-- A | F
0
Young Young Aged Aged
control prediabetes  control prediabetes
E © 0.05 U/mL thrombin + 50 ng/mL convulxin
* +20 yM GC4419
3000 e + 50 yM GC4419
*%k
*%
L i
= 2000
> .
£
X
)
€ 10001 .,
< e ® o ee
-, % %= -
mmﬁ ..' E ...
0
Young Young Aged Aged
control prediabetes  control prediabetes

The Journal of Clinical Investigation

B « 0.05 U/mL thrombin

o +20 uM GC4419
o +50 uM GC4419

18000+ Fhkk —= —
*kkk *k *%
~ 15000 o
T
=
o 120004 .
[ao R
o
S 9000 ° .
° .
2
g 60004
e .
300041 & ¢
L]
tleat
0
Young Young Aged
control prediabetes prediabetes
D e 0.05 U/mL thrombin
° +20 uM GC4419
o +50 uM GC4419
16000+
*kkk
*kkk *% *%
~ 12000
™
>3
£
T 8000+
2 L]
3
& 40004 R .
v o :
° ) o0
Nl :
Young Young Aged Aged
control prediabetes  control prediabetes
F o (-) GC4419
o (+) 50 uM GC4419
600+
= *kkk *% *kkk
[T
= .
c
S 4004 .
©
g .o
3 °®
Q
(8] o 00®
© °
5 2007 ; .
-9- (14 ° °
K o °
n- L] 00
i HE | B i
Young Young Aged Aged
control prediabetes control prediabetes

Figure 3. Treatment of platelets with SOD mimetic (GC4419) lowers mito-oxidant burden and decreases agonist-induced platelet activation and ex vivo
thrombus formation in prediabetes. Washed platelets were preincubated either with vehicle buffer (control) or with 25 or 50 uM GC4419 for 10 minutes,
then stained with either (A) MitoSOX dye or fluorescent antibody against (B) activated a3, () fibrinogen, (D) P-selectin, or with (E) annexin V; activated
with thrombin or thrombin plus convulxin for 10 minutes; and analyzed via flow cytometry. Data are presented as mean + SEM and analyzed using 2-way
ANOVA with Tukey’s analysis for multiple-group comparisons, whereby, within each cohort, platelets treated with 2 doses of GC4419 were compared with
the control treatment. n = 9-20/group. (F) Calcein green-labeled washed platelets were preincubated with 50 uM GC4419 and superfused over a colla-
gen-coated microfluidic chamber under arterial shear stress for 5 minutes. MFl was quantified, presented as mean + SEM, and analyzed using Student’s

t test within each cohort. n = 9-19/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4. Treatment of platelets with MitoQ lowers mito-oxidant burden and decreases agonist-induced platelet activation and ex vivo thrombus
formation in prediabetes. Washed platelets were preincubated either with vehicle buffer (control) or with 5 or 10 uM MitoQ for 15 minutes, then stained
with (A) MitoSOX dye or fluorescent antibody against (B) activated o, 3, (C) fibrinogen, (D) P-selectin, or (E) annexin V, following activation with thrombin
or thrombin plus convulxin for 10 minutes, and analyzed via flow cytometry. Data are presented as mean + SEM and analyzed using 2-way ANOVA with
Tukey’s analysis for multiple-group comparisons, whereby, within each cohort, platelets treated with 2 doses of MitoQ were compared with the control
treatment. n = 6-14/group. (F) Calcein green-labeled washed platelets were preincubated with 10 uM MitoQ and superfused over a collagen-coated micro-
fluidic chamber under arterial shear stress for 5 minutes. MFl was quantified, presented as mean + SEM, and analyzed using Student’s t test within each

cohort. n = 6-10/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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6C). Treatment of mice with MitoQ normalized the differences
observed between chow diet— or HF diet—fed mice for both param-
eters. Furthermore, in the absence of MitoQ, mice fed the HF
diet not only had increased baseline total cellular Ca?* levels but
also had increased levels with thrombin. Treatment with MitoQ
normalized the differences in Ca** levels between chow diet— or
HF diet—fed mice at baseline as well as in the thrombin-triggered
increase (Figure 6, D-F).

At this point, we considered that our interpretation of elevated
mito-oxidant levels based on increased MitoSOX fluorescence in
platelets from HF-fed mice could be confounded by the simultane-
ous presence of increased TMRM fluorescence, because accumu-
lation of both dyes could occur in hyperpolarized mitochondria.
To address this possibility, we stained the platelets from chow diet—
and HF diet—fed mice with TMRM and MitoSOX, where we first
confirmed an increased signal for both TMRM and MitoSOX in
platelets from mice fed the HF diet compared with chow-fed mice
(Supplemental Figure 7, A and B). Addition of FCCP reduced the
TMRM signal profoundly in all mice regardless of diet but only
caused a nonsignificant drop in MitoSOX fluorescence. Addition-
ally, a higher MitoSOX signal was maintained in the platelets from
mice fed the HF diet, even after FCCP treatment, but the signal

= Chow diet
= HF diet

= Chow diet
= HF diet

(=) MitoQ

= Chow diet
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Figure 5. In vivo treatment with MitoQ
protects mice with short-term glucose
intolerance from enhanced platelet
mito-oxidants, platelet activation, and
susceptibility to carotid artery and
pulmonary thrombosis without altering
hemostasis. C57BL6/) mice fed chow

or an HF diet for 2 weeks received daily
treatment with (+) MitoQ (1 mg/kg daily,
i.p.) or vehicle buffer (-) MitoQ beginning
after 1week on the diet. Washed plate-
lets were prepared for quantifying (A)
mito-oxidants, (B) a,, B3 activation, and
(C) annexin V binding; activated with 0.05
U/mL thrombin and 50 ng/mL convulxin
* (A and C) and with 0.05 U/mL thrombin
for B; and analyzed via flow cytometry.
(D) Time to stable occlusion of the carotid
artery after photochemical injury. Data
are presented as median with 95% Cl

and analyzed by Kruskal-Wallis test with
Dunn’s post hoc test for multiple-group
comparisons (n = 8-9 per group). (E)
Survival curve depicting time to death
after infusion with 0.5 pg/g collagen.
Data were analyzed using the Mantel-Cox
log-rank test. The comparison between
HF groups [(-) or (+) MitoQ] is shown with
a blue bracket and between chow and
HF-fed (-) MitoQ groups is shown as a

. brown bracket with blue fill (n = 9-10 per
group). (F) Tail bleeding time. Data for
A-C and F are presented as mean + SEM
and analyzed using 2-way ANOVA with
Tukey's test for multiple-group compari-
sons (n = 5-7 per group). *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001.

(+) MitoQ

(+) MitoQ

(+) MitoQ

was normalized after treatment with a SOD mimetic or MitoQ.
Together, these data suggest MitoSOX accumulation in our model
is minimally driven by Aym, and the increased accumulation of
MitoSOX in platelets from HF diet—fed mice under the study con-
ditions reflects elevation in mito-oxidants.

To determine the contribution of altered calcium mobiliza-
tion in the platelet phenotype in mice fed the HF diet, we used the
intracellular calcium chelator BAPTA-AM and the mitochondri-
al calcium uniporter complex inhibitor Ru360, which specifically
inhibits calcium influx into mitochondria. The increase in intra-
cellular calcium in platelets from mice fed the HF diet at baseline
or with thrombin activation was attenuated by the BAPTA-AM
but remained unaffected by the Ru360. This suggests that, under
these conditions, the driver of increased platelet Ca?* is via mech-
anisms related to platelet plasma membrane Ca?* uptake and/or
its release intracellularly but not by increased mitochondrial Ca**
entry (Supplemental Figure 8, A and B). However, Ru360 exposure
completely depolarized mitochondria (Supplemental Figure 8C).
BAPTA-AM also decreased Aym but had less of an effect than
Ru360, suggesting a greater role of mitochondrial Ca?* in sustain-
ing the increase in Aym. Exposure to either BAPTA-AM or Ru360
reduced mito-oxidants, including lipid peroxides and integrin acti-
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vation in platelets from HF-fed mice, supporting Ca?* dependency
of these pathophysiologic changes (Supplemental Figure 8, D-F).

Opverexpression of mitochondria-targeted catalase protects glucose-
intolerant mice from platelet activation and thrombosis. Finally, we used
a genetic approach to test whether reducing mitochondrial peroxide
protects mice from platelet activation and thrombosis. We fed the
HF or chow diet for 2 weeks to mCAT-Tg mice (mice overexpress-
ing catalase in mitochondria) and their wild-type littermate controls.
Wild-type and mCAT-Tg littermates fed the HF diet developed glu-
cose intolerance (Supplemental Figure 9, A and B). Wild-type mice
fed the HF diet for 2 weeks had increased platelet mito-oxidants,
integrin activation, and granule release compared with mice fed the
chow diet (Figure 7, A—C). In contrast, the mCAT-Tg mice fed HF
diet had decreased platelet mito-oxidants and activation relative to
wild-type mice fed the HF diet.

Furthermore, in wild-type mice, the HF diet shortened the time
to form stable occlusion compared with the time to occlusion in mice
fed the chow diet or mCAT-Tg mice fed the HF diet (Figure 7D). In
the pulmonary thrombosis model, the HF diet caused rapid death in
wild-type mice, whereas mCAT-Tg littermates had a prolonged sur-
vival (Figure 7E). Mechanistically, the HF diet enhanced lipid perox-
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ides, Aym, and baseline Ca?*, as well as Ca?* elevation with thrombin
in wild-type mice but not in the mCAT-Tg mice (Figure 8, A-F).

Together, these findings indicate mitochondrial hyperpolariza-
tion and elevation in platelet Ca?* and mito-oxidants, including lip-
id peroxide, are linked to platelet activation.

Discussion

Despite the significant associations reported between prediabetes
and thrombotic CV outcomes (4—6), the mechanisms driving the
prothrombotic state in prediabetes are incompletely understood.
Using pharmacological and genetic approaches in a clinical and pre-
clinical model of prediabetes, we report several important findings.
First, we demonstrate a link between human prediabetes and mark-
ers of platelet activation, mito-oxidant burden, and ex vivo throm-
bus formation regardless of age. Second, the mitochondria-targeta-
ble antioxidants such as SOD and MitoQ limited platelet activation
and ex vivo thrombus formation in both young and middle-aged
adults with prediabetes, suggesting a mito-oxidant-mediated mech-
anism. Third, mice mimicking early onset of glucose intolerance
had increased platelet activation and greater susceptibility to in vivo
thrombosis and were protected by pharmacological or genetic tar-
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geting with mitochondrial antioxidants. Finally, our mechanistic
study in mice revealed that treatment with MitoQ or catalase over-
expression within mitochondria lowered lipid peroxides, mitochon-
drial membrane hyperpolarization, and intraplatelet Ca?* influx.
Our data also revealed that elevation in platelet calcium levels may
contribute to the regulation of mitochondrial redox status and plate-
let activation in the models of early onset of glucose intolerance,
and increased mito-oxidants promote elevation in Ca?*, suggesting a
complex and bidirectional interplay between calcium signaling and
mito-oxidants. Together, these data provide strong evidence for the
existence of a prothrombotic state in prediabetes that likely is medi-
ated by mitochondrial oxidative stress.

This study was focused on a military veteran population.
About 70% of US military veterans have either overweight or obe-
sity (21); therefore, a high likelihood of prediabetes is expected in
this cohort. Although about 25% of military veterans have estab-
lished T2D (22), screening for prediabetes in active-duty military
personnel is inadequate (23), and so the prevalence and conse-
quences of prediabetes are largely unexplored in this unique popu-
lation. A nationwide survey of middle-aged and older outpatients
with schizophrenia seen by the Veterans Administration revealed
that the incidence of prediabetes in the group was 42% (24). In a
recent study (23), the percentages of patients meeting laboratory

J Clin Invest. 2026;136(4):e195662

prediabetes criteria were 28.4%, 30%, and 31% in the members
from the Air Force, Army, and Navy, respectively. In this context,
it is important that the adverse CV events associated with military
veterans’ health are reported to occur several years before diabe-
tes is diagnosed or manifests (25), possibly during the prediabetes
state. Therefore, identifying service members with prediabetes and
a systematic evaluation and identification of early mechanisms
are necessary to prevent future thrombotic complications in vul-
nerable military veterans.

Using platelets from young and middle-aged military veterans,
we report that prediabetes induces platelet activation and its accu-
mulation on collagen surfaces regardless of age and has the likeli-
hood to mediate increased risk for CV events in military veterans
with prediabetes. We further explored the mechanisms of a such
prothrombotic phenotype.

Even though increased platelet activation and increased throm-
botic susceptibility are well described in individuals with estab-
lished T2D (26-28), the use of common antiplatelets, such as aspi-
rin, for primary prevention is no longer routinely recommended
because of the increased risk of bleeding, particularly in individuals
with low to moderate CVD risk (29-32). The 2019 guidelines from
the American Diabetes Association emphasized that aspirin use
for primary prevention should involve individualized clinical deci-
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sion-making, even among those at high risk for CVD (33). These
evolving findings and recommendations underscore the need to
investigate an alternative targetable pathway that potentially could
be used to develop therapeutics to lower CVD risks in T2D and in
prediabetes. A few studies conducted with patients with diabetes
have reported increased burden of mitochondrial oxidative stress
and altered mitochondrial metabolism within platelets, reflected
by altered levels of antioxidants and reduced oxygen consumption
(18). Yamagishi et al. (34) also showed a direct in vitro effect of
hyperglycemia in causing increased platelet mitochondrial oxida-
tive stress and platelet aggregation, with the implication that altered
mitochondrial electron transport chain function contributed to
the phenotype. We hypothesized that early metabolic abnormali-
ties occur during prediabetes that contribute to premature platelet
activation and a prothrombotic state. In support of this idea, we
observed that platelet mitochondria in both young and middle-aged
individuals with prediabetes have higher mito-oxidant levels and
are hyperpolarized. This was consistent with the observed decrease
in SOD2 activity in these cohorts. To test the mechanistic potential
of increased mito-oxidants in causing platelet activation, we treated
platelets with a SOD mimetic or MitoQ in separate experiments.
Both interventions lowered mito-oxidant levels in conjunction with
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diminishing agonist-induced platelet activation and ex vivo throm-
bus formation among individuals in both age groups with prediabe-
tes. These findings in clinical samples suggest a mito-oxidant-medi-
ated prothrombotic state exists in individuals with prediabetes.

A relatively higher, though nonsignificant, increase in integrin
activation, fibrinogen binding, and P-selectin expression observed
in young individuals with prediabetes compared with older partic-
ipants with prediabetes may suggest the potential for heightened
mitochondrial metabolic activity at younger ages amplifying plate-
let reactivity. In support of this idea, we observed increased platelet
mito-oxidants in young participants, but not aged participants, with
prediabetes at resting state. This intriguing observation warrants
validation in a larger cohort, including detailed examination of the
metabolic state of platelet mitochondria. If confirmed, future stud-
ies could investigate whether mitochondrial metabolism contrib-
utes to these age-dependent differences in platelet function. Such
findings may also help explain the observed clinical associations
in younger individuals between prediabetes and increased risk of
hospitalization for myocardial infarction (8), poorer prognosis after
ischemic stroke (9), and the apparent attenuation of CV and all-
cause mortality risk with advancing age in prediabetes (10). Fur-
thermore, that prediabetes did not have an additional effect in aged
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individuals for several platelet activation markers, except annexin V,
or for platelet thrombus formation, may also suggest that prediabe-
tes may accelerate age-dependent mechanisms for platelet dysfunc-
tion, leading to its manifestation in younger individuals.

An intriguing observation was that although age-related increases
in mito-oxidants were not evident in control participants, treatment
with a SOD mimetic reduced platelet activation responses to ago-
nists for integrin activation, fibrinogen binding, and P-selectin. This
effect may reflect an intrinsic role of SOD in modulating platelet
activation regardless of mitochondrial oxidative stress in aged con-
trol participants. The SOD mimetic used in our study can reduce
not only mito-oxidants but cytoplasmic oxidants as well (35), which
could contribute to this effect. Moreover, when platelets were treat-
ed with mitochondria-targeted MitoQ, protection from agonist-
induced platelet activation was observed in only prediabetic groups
but not in middle-aged normoglycemic group. This phenomenon
supports a hypothesis that prediabetes-driven platelet activation may
be largely modulated by mito-oxidants, whereas aging might induce
platelet activation through other mechanisms.

The correlation matrix analysis allowed us to assess some mean-
ingful clinical associations. We report the strongest associations of
all platelet activation markers with HOMA-IR, insulin, FBG, and
then HbAlc. Notably, minimal associations were seen between BP
or lipid levels and platelet activation markers. These findings sug-
gest the prothrombotic phenotype observed in prediabetes is likely
modulated by hyperglycemia, and the association between hyper-
glycemia and platelet activation may exist across a larger range of
FBG spanning from normoglycemia to prediabetes to diabetes. We
did not include patients with diabetes in our study, because such an
analysis would require a significantly larger sample size to adjust
for the high prevalence of comorbid conditions commonly associ-
ated with diabetes, including established metabolic syndrome and
frequent medication use in this cohort. Our study was specifically
designed to examine platelet phenotype in individuals with predi-
abetes who have minimal or no features of metabolic syndrome or
other confounding comorbid conditions that allowed us to isolate
the effects of less severe hyperglycemia on platelet dysfunction. Nev-
ertheless, findings from our study help build the rationale to direct
future larger studies to comprehensively assess the relationship
between FBG/hyperglycemia and platelet dysfunction.

To begin to understand the in vivo relevance of our findings
in prediabetes, we used a mouse model of short-term HF feed-
ing that did not induce obesity but caused early onset of glucose
intolerance characterized by abnormal GTT results; increased ran-
dom, circulating glucose concentrations; and hyperinsulinemia.
This model not only phenocopied platelet hyperactivity seen in
human prediabetes, but it also manifested increased susceptibil-
ity to pulmonary and carotid artery thrombosis in vivo. We also
observed that treatment of mice with mitochondria-targeted anti-
oxidants, such as a SOD mimetic, protected HF-fed mice from
increased platelet mito-oxidants, platelet activation, and throm-
bosis of pulmonary and carotid arteries without causing bleeding
or altering GTT results. We further showed that treatment with
MitoQ reduced the population of total mito-oxidants, including
lipid peroxides, and prevented platelet hyperactivation and in vivo
thrombotic susceptibility of both pulmonary and carotid arter-
ies in HF-fed mice, suggesting a direct role of lipid peroxides in
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mediating the prothrombotic phenotype. Treatment with MitoQ
did not cause bleeding or alter GTT results. These findings suggest
intervention with mitochondria-targetable antioxidants may pro-
tect from prothrombotic phenotype by mitigating adverse effects
secondary to glucose intolerance and insulin resistance.
Furthermore, the genetic intervention to target peroxides within
mitochondria by overexpression of catalase in mCAT-Tg mice also
protected from increased mito-oxidant levels, including lipid per-
oxides, platelet activation, and susceptibility to in vivo thrombosis
induced by HF diet, which is consistent with the lipid peroxide—
lowering effects of MitoQ (20). These data also are consistent with
protective effects of lowering platelet hydrogen peroxide on platelet
activation and thrombosis that we have previously reported (11).
Mechanistically, we show that increased mito-peroxide levels link
Aym, Ca?* influx, platelet activation, and thrombosis. Inhibition
of Ca?" not only lowered platelet activation but also decreased the
burden of mito-oxidants, including lipid peroxide. Notably, calcium
and oxidative stress appear to influence each other in a bidirectional
manner: when oxidative stress promotes calcium influx, the elevat-
ed calcium levels appeared to exacerbate oxidative stress (36, 37).
Consistent with these ideas, our data suggest enhanced mitochon-
drial oxidative stress might be partly mediating platelet activation
via calcium dysregulation where increased intracellular Ca** further
exacerbates the mito-oxidant burden. This idea can be expanded in
future studies using platelet-specific expression models. Our data
also suggest an important role of mitochondrial Ca** in sustaining
the increase in Aym, by perhaps driving Ca?*-sensitive mitochondri-
al metabolism, explaining why blocking mitochondrial Ca*" uptake
diminishes Aym to a greater extent than extracellular Ca** chela-
tion. Using conditional platelet SOD2-deficient mice, we previous-
ly reported dependence of platelet calcium levels, mitochondrial
hyperpolarization, and PS exposure on mito-oxidants in a model of
aging (13). Thus, our mechanistic findings are consistent with prior
work demonstrating that a sustained increase in intraplatelet calci-
um has the potential to alter Aym and mediate PS exposure (38—40).
We also considered that the relationship between Aym and
mito-oxidant generation is dynamic and not necessarily unidirec-
tional. Under normal conditions, optimal electron leak from the
electron transfer chain maintains a moderate Aym that supports
efficient ATP synthesis. However, mitochondrial hyperpolarization
can slow electron transport, increasing electron leakage from resi-
dent complexes I and IIT and thereby elevating superoxide, hydro-
gen peroxide, and lipid peroxidation (41-43). Partial inhibition of
ATP synthase can also reduce proton flux through complex V and
maintain elevated Aym while increasing mito-oxidant generation,
as reported to occur in platelets from patients with sickle cell dis-
ease (44). Our group and others have also reported coexistence
of increased mito-oxidants and lipid peroxidation in the presence
of hyperpolarized mitochondria in platelets from aged mice and
humans or due to hyperglycemia (12, 13, 34). Additionally, hyper-
polarization of mitochondria could be related to a regulatory effect
of oxidants on Ca?" levels. This idea is consistent with our observa-
tion of reduced platelet Ca?* in association with lowered Aym upon
MitoQ treatment of mice fed an HF diet or in mCAT-Tg mice fed
an HF diet. It is also important to note that mito-oxidants’ genera-
tion is not solely dependent on Aym (45). Localized lipid peroxida-
tion (46) and limited SOD?2 activity may also amplify these effects.
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Thus, the mitochondrial phenotype may depend on several factors
such as the degree of hyperpolarization, Ca?* dysregulation, lipid
peroxidation, presence of antioxidant enzymes, and it may vary
in different disease states. Fully understanding the specific mech-
anisms that drive increased mito-oxidant levels in the presence
of hyperpolarized mitochondria in prediabetes requires extensive
additional work that will be the focus of future studies.

Taken together, using 2 pharmacological approaches and a
genetic approach, we demonstrate that targeting mito-oxidants —
specifically peroxides — is protective and represents a key mecha-
nism that contributes to the prothrombotic effects of an HF diet.
Our findings in the preclinical model of early onset of glucose intol-
erance provides a rationale for considering GC4419 or MitoQ as
a potential treatment. GC4419 can be administered as a drug and
has been used in cancer models to target oxidative stress (19, 47).
MitoQ has also been tested and shown to protect from endothelial
dysfunction in older people (48, 49).

Our study has some limitations. First, considering the small
sample size and the cross-sectional nature of the human study, we
are unable to evaluate associations with long-term clinical outcomes.
Future studies should consider longitudinal follow-up to better define
the trajectory of the prothrombotic phenotype in this population and
the time course of vascular events. In addition, considering the small
study size, we cannot exclude the potential for residual confounding
factors. For example, BP was significantly higher among the mid-
dle-aged participants with prediabetes, and HDL-cholesterol was
lower among the young participants with prediabetes compared with
their age-matched controls. Last, due to predominance of male par-
ticipants in the Veterans Administration system, the effect of sex on
human prediabetes could not be evaluated. Nevertheless, our study
has several strengths, including the well-defined inclusion and exclu-
sion criteria, the inclusion of young and middle-aged control cohorts,
a comprehensive approach of using human and animal models for
examining platelet activation and susceptibility to ex vivo and in vivo
thrombosis, and the use of pharmacological and genetic approaches
to address underlying mechanisms.

In conclusion, we report the existence of a prothrombotic
phenotype among young and middle-aged adults with prediabe-
tes. Through ex vivo and in vivo studies, we have identified mito-
oxidants or peroxides as a key mechanism by which the prothrom-
botic state develops in prediabetes. The clinical impact of our find-
ings is driven by the clearly documented associations between pre-
diabetes and CVD events in the prospective studies and the recent
use of mitochondria-targeted antioxidants in patients with cancer
and in patients who are elderly (19, 47-49). Additional research
is needed to evaluate whether targeting platelet hyperactivity will
reduce the risk of CV events in those with prediabetes.

Methods

Sex as a biological variable. Our study in humans included men and
women. The animal study examined male and female mice, and
similar findings are reported for both sexes.

Flow cytometry. Washed platelets were used for flow cytometry.
Activation of integrin o, B3 was evaluated by quantifying PACI
and JON/A binding in human and mouse platelets, respective-
ly, and fibrinogen binding was measured in human platelets. The
a-granule secretion was measured by surface expression of P-selec-
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tin (CD62P), PS exposure by annexin V binding, and mito-oxidants
and lipid peroxidation by MitoSOX and BODIPY 581/591 Cl11
fluorescent dyes, respectively (13, 50, 51). Washed platelets (1 x
108/mL) were incubated either with 5 uL of PE-conjugated PAC1
(1:3 vol/vol; BioLegend), PE-conjugated JON/A (1:3 vol/vol;
Emfret Analytics), FITC-conjugated chicken anti-human fibrino-
gen (1:5, vol/vol; Diapensia), FITC-conjugated rat anti-human or
anti-mouse CD62P (1:3 vol/vol; BioLegend) antibody, Annexin
V-Alexa Fluor 647 (1:1; BioLegend), 2.5 uM MitoSOX (Thermo
Fisher Scientific), or 10 uM BODIPY 581/591 C11 (Thermo Fish-
er Scientific) activated with human thrombin alone or in combi-
nation with convulxin, for 10 minutes at 37°C, and all the tubes
containing antibodies were fixed in 1% paraformaldehyde. For PS
exposure, a binding buffer (100 pL) was added. All the samples
were diluted 10-fold in 1X PBS and analyzed using an LSR Violet
flow cytometer (Becton Dickinson).

To evaluate Aym, washed platelets were stained with 500 nM
TMRM (Invitrogen) for 15 minutes in the presence or absence of
5 or 10 uM FCCP (52), an uncoupler that activates proton conduc-
tance. In some experiments, platelets were treated with GC4419
(25 or 50 uM), MitoQ (5 or 10 pM), BAPTA-AM (150 uM), Ru360
(150 uM), or respective vehicle control or buffer (bicarbonate buffer
saline for GC4419 and Tyrode for others) for 30 minutes prior to
assay. These data are presented as geometric MFI.

Measurement of intraplatelet calcium. Intraplatelet calcium levels
or flux (mobilization and uptake) were measured in washed plate-
lets using a previously described method with minor modifications
(13). Briefly, washed platelets (1 X 108/mL) were incubated with
4.5 uM Fluo-4 for 30 minutes in the dark at 37°C, then washed and
resuspended in Tyrode buffer containing 2 mM CaCl,, and a base-
line signal was acquired using a BD Accuri C6 flow cytometer for
60 seconds, followed by addition of thrombin to activate platelets.
The fluorescent signals were acquired over time. Baseline signal
and cumulative signals up to 2 minutes after adding thrombin were
compared between the groups. In some experiments, platelets were
treated with 150 uM of either BAPTA-AM or Ru360 for 30 minutes
at 37°C prior to the assay (40, 53).

Experimental thrombosis. We used 2 experimental models to
assess susceptibility to thrombosis in vivo. To assess the suscepti-
bility to pulmonary thrombosis, anesthetized mice were infused
with 0.5 pg/g collagen (Chronolog) retro-orbitally, which results
in platelet activation—dependent pulmonary thrombosis leading to
death (13, 17). After infusion of collagen, mice were monitored for
up to 10 minutes for symptoms of thrombotic shock, including bra-
dycardia, irregular breathing, and death (defined as the absence of
a heartbeat for longer than 60 seconds). If death did not occur with-
in 10 minutes, the experiment was terminated at that time and mice
were sacrificed. Carotid artery thrombosis was induced by photo-
chemical injury as described previously (11, 50). Briefly, the right
common carotid artery was transilluminated with a 1.5 mV, 540 nm
green laser (Melles Griot). Rose bengal (25 mg/kg) was injected via
a femoral vein catheter. Carotid artery blood flow was monitored
with a Doppler flow probe for up to 90 minutes after injury or until
a stable occlusion developed. Stable occlusion was defined as the
time at which blood flow remained absent for at least 10 minutes.

Details of methods such as measurements for insulin and
blood glucose, GTT, platelet isolation, platelet adhesion assay,
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expression and activity of SOD2, and tail bleeding assays are pro-
vided in Supplemental Methods.

Statistics. All data were analyzed using GraphPad Prism, ver-
sion 10.4.1. Normality and log-normality were assessed using the
D’Agostino and Pearson test if sample size was greater than 6, and
the Shapiro-Wilk test was used if sample size was 6 or fewer. For
datasets showing normal or log-normal distributions, the 2-tailed
unpaired ¢ test was used for 2-group comparisons, and the 2-way
ANOVA was used for multiple groups with Tukey’s multiple-com-
parison test. Some data were also analyzed using 1-way ANOVA
with Dunn’s analysis, whereby, within each cohort, treatment with
multiple doses of drugs were compared with the control treatment.
For data not in a normal distribution, the Kruskal-Wallis test was
used for multiple group comparisons. Results of time-dependent
tests such as the GTT were analyzed with mixed effect analysis
with Siddk’s multiple comparisons. A correlation matrix analysis
with the Spearman correlation was performed to analyze associ-
ations among age, BMI, FBG, HbAlc, insulin, HOMA-IR, lipids,
BP, and platelet activation parameters. A P value less than 0.05 was
considered significant.

Study approval. Our human cohort study complied with all rel-
evant ethical regulations and was approved by the University of
Towa Institutional Review Board (approval 202002028). Written
informed consent was received prior to participation. Mice were
housed in the animal facility of the University of Iowa, experimen-
tal protocols were approved by the University of Iowa Institutional
Animal Care and Use Committee (approval 2390203), and all rele-
vant ethical regulations were followed, including for experimental
thrombosis protocols. Further details about human participants
and mice are provided in Supplemental Methods.

Data availability. Values for all data points in the graphs are
provided in the Supporting Data Values file. All remaining mate-
rials and methods are explained in Supplemental Methods. Any
data and materials that can be shared will be released via a mate-
rial transfer agreement.
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