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BACKGROUND: Platelet-endothelial interactions are thought to contribute to early atherogenesis. These interactions are po-
tentiated by oxidative stress. We used in vivo molecular imaging to test the hypothesis that platelet-endothelial interactions
occur at early stages of plaque development in obese, insulin-resistant nonhuman primates, and are suppressed by NADPH-
oxidase-2 inhibition.

METHODS AND RESULTS: Six adult rhesus macaques fed a Western-style diet for a median of 4.0 years were studied at baseline
and after 8 weeks of therapy with the NADPH-oxidase-2-inhibitor apocynin (50 mg/kg per day). Six lean control animals were
also studied. Measurements included intravenous glucose tolerance test, body composition by dual-energy X-ray absorpti-
ometry, carotid intimal medial thickness, carotid artery contrast ultrasound molecular imaging for platelet GPIba (glycoprotein-
Iba) and vascular cell adhesion molecule-1, and blood oxidative markers on mass spectrometry. Compared with lean controls,
animals on a Western-style diet were obese (median body mass: 16.0 versus 8.7 kg, P=0.003; median truncal fat: 49% versus
20%, P=0.002), were insulin resistant (4-fold higher insulin—glucose area under the curve on intravenous glucose tolerance
test, P=0.002), had 40% larger carotid intimal medial thickness (P=0.004), and exhibited oxidative signatures on proteomics.
In obese but not lean animals, signal enhancement on molecular imaging was significantly elevated for GPIba and vascular
cell adhesion molecule-1. The signal correlated modestly with intimal medial thickness but not with the degree of insulin resist-
ance. Apocynin significantly (P<0.01) reduced median signal for GPIba by >80% and vascular cell adhesion molecule-1 signal
by 75%, but did not affect intimal medial thickness, body mass, or intravenous glucose tolerance test results.

CONCLUSION: In nonhuman primates, diet-induced obesity and insulin resistance leads to platelet-endothelial adhesion at
early atherosclerotic lesion sites, which is associated with the expression of pro-inflammatory adhesion molecules. These
responses appear to be mediated, in part, through oxidative pathways.
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contribute to early atherogenesis."? In preclinical
models of atherosclerosis, platelet adhesion is
mediated largely through interactions with endothelial-
associated von Willebrand factor (VWF) in lesion-
prone arterial regions.>-® Adherent platelets potentially

Platelet—endothelial interactions are thought to

accelerate atherosclerosis by recruiting leukocytes,
serving as a source for pro-infammatory cytokines
and inflammasome activation, and suppressing inflam-
mation resolution."”'® Most data implicating platelet—
endothelial interactions in atherogenesis have come
primarily from rabbit and transgenic murine models of
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CLINICAL PERSPECTIVE

What Is New?

* In obese and insulin-resistant primates that
closely mimic the human condition, plate-
let adhesion directly to the endothelium of
atherosclerosis-prone arterial sites can be ob-
served before any meaningful plaque occurs.

e Platelet adhesion is associated with pro-
inflammatory endothelial activation, and occurs
in conjunction with increased blood markers of
increased oxidative stress.

e Novel antioxidant compounds, such as the
plant-derived acetovanillone apocynin, reduces
oxidative stress, platelet adhesion, and en-
dothelial activation.

What Are the Clinical Implications?

e Platelet-endothelial interactions could repre-
sent a novel therapeutic target for mitigating the
increased risk for atherosclerosis in obesity and
insulin resistance.

e Naturally occurring NADPH inhibitors repre-
sent a new approach for ameliorating the pro-
atherosclerotic effects of diet-related obesity.

Nonstandard Abbreviations and Acronyms

ADAMTS-13 a disintegrin and metalloproteinase
with a thrombospondin type-1

motif member 13

CEU contrast-enhanced ultrasound
DEXA dual-energy X-ray absorptiometry
NOX2 NADPH-oxidase-2

ROS reactive oxygen species
VCAM-1 vascular cell adhesion molecule-1
VWF von Willebrand factor

WSD Western-style diet

hyperlipidemia, and from in vitro experiments where
human platelets were co-incubated with vascular en-
dothelial cells.

Obesity and insulin resistance (IR) are risk factors
for atherosclerosis involving vascular endothelial and
platelet activation."'® The overlapping factors that con-
tribute to activation include oxidative stress, increased
cytokine production, and toxic effects of glycation and
free fatty acids.'>'* Oxidative modification in particular
increases endothelial-associated ultralarge VWF multi-
mers through transcriptional regulation, mobilization of
endothelial Weibel-Palade bodies, and reduction in the
ability of ADAMTS13 (a disintegrin and metalloprotein-
ase with a thrombospondin type-1 motif member 13)
to proteolytically cleave VWF multimers.'®~'® Whether
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obesity and IR also increase platelet adhesion at
atherosclerosis-prone sites is unknown. In this study,
we used molecular imaging in rhesus macaques to test
whether platelet—-endothelial interactions occur in pri-
mates with diet-induced obesity, and whether they are
associated with the degree of IR, or with other markers
of endothelial activation. Because of the putative role of
reactive oxygen species (ROS) in promoting an increase
in endothelial-associated ultralarge VWF,'"'8 we also in-
vestigated whether platelet adhesion occurs in concert
with markers of increased oxidative stress in blood,
and whether platelet adhesion could be suppressed by
apocynin, an acetovanillone that has several antioxidant
properties including inhibition of endothelial NADPH-
oxidase-2 (NOX2), and has been demonstrated to re-
duce platelet-endothelial interactions and progression
of atherosclerosis in hyperlipidemic mice.'®2°

METHODS

Study Design

The data that support the findings of this study are
available from the corresponding author upon rea-
sonable request. The study was approved by the
Animal Care and Use Committee of the Oregon
National Primate Research Center at Oregon Health &
Science University and was performed in accordance
with the guidelines of the United States Department
of Agriculture and Association for Assessment and
Accreditation of Laboratory Animal Care concerning
handling of nonhuman primates. We studied adult
male rhesus macaques (Macaca mulatta) ages 6 to
18 years (n=6) fed a Western-style diet (WSD) (caloric
content: 18.4% protein, 36.6% fat, and 45.0% carbo-
hydrates, with 612 ppm cholesterol) for 2 to 6 years
in order to produce obesity and IR of various de-
grees. Obese animals were studied at baseline and
after 8 weeks of therapy with oral apocynin (50 mg/
kg per day). Age-matched control macaques (n=6)
on chow diet (14.7% calories from fat with 27 ppm
cholesterol) were also studied once. Each study was
performed over 3 days and included the following: (1)
dual x-ray absorptiometry (DEXA) assessment of cen-
tral adiposity, (2) intravenous glucose tolerance test,
(3) carotid ultrasound imaging for plaque and intima-
medial dimension, (4) carotid contrast-enhanced ul-
trasound (CEU) molecular imaging for platelet GPIba
(glycoprotein-lba) and vascular cell adhesion mole-
cule-1 (VCAM-1), (5) assessment of vascular mechan-
ical properties by pulse-wave velocity, (6) coronary
microvascular flow reserve by vasodilator stress myo-
cardial contrast echocardiography perfusion imaging,
and (7) analysis by mass spectrometry for markers of
oxidative stress. Anesthesia was induced with keta-
mine (10 mg/kg IM) and maintained with isoflurane
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(1.0%-1.5%) except for DEXA and intravenous glu-
cose tolerance test procedures for which telazol
(5 mg/kg IM) was used. At the completion of the 8-
week therapy, apocynin therapy was stopped and
animals were returned to the obese resource of the
Oregon National Primate Research Center.

Intravenous Glucose Tolerance Test

Animals were fasted overnight and sedated. After
DEXA scanning, dextrose (600 mg/kg) was adminis-
tered intravenously. Venous blood samples were col-
lected before injection and after 1, 3, 5, 10, 20, 40,
and 60 minutes. Concentrations of blood glucose
(Onetouch Ultra Glucose monitor, LifeScan) and plasma
insulin (Roche Diagnostics Cobas e411, Indianapolis,
IN) were measured and plotted as time—concentration
curves. Results were reported as the product of the
areas under the curve of glucose and insulin, and as
the basal homeostatic model assessment for insulin
resistance index, calculated as follows: homeostatic
model assessment for insulin resistance = [fasting in-
sulin (ulU/mL) x fasting glucose (mmol/L)]/22.5.

Body Composition

Body composition was assessed by performing DEXA
(Discovery A, Hologic Inc). Visceral adiposity was cal-
culated by dividing truncal fat mass by total truncal
mass.

Molecular Imaging Agent Preparation
Biotinylated, lipid-shelled decafluorobutane microbub-
bles were prepared by sonication of a gas-saturated
aqueous suspension of distearoylphosphatidylcholine
(2 mg/mL), polyoxyethylene-40-stearate (1 mg/mL),
and distearoylphosphatidylethanolamine-PEG (2000)
biotin (0.4 mg/mL). Microbubbles were targeted to
VCAM-1 and platelet GPlba as previously described,®
via surface conjugation of mouse anti-human mono-
clonal IgG1 against VCAM-1 (1.G11B1), or a 15-amino
acid cyclic peptide (CCP-015b) biotinylated at an added
C-terminal lysine residue and based on the previously
reported synthetic OS-1 peptide that binds with high
affinity to primate GPIba (Quell Pharma Inc., Plymouth,
MA).2" Unconjugated microbubbles with no targeting
ligand were used as controls. Microbubble concentra-
tion was measured by electrozone sensing (Multisizer
lll, Beckman-Coulter).

Validation of Platelet-Targeted Contrast
Agent

Because CEU molecular imaging in nonhuman pri-
mates (NHPs) has been established for VCAM-1 but not
platelet GPIba,?? an in vitro flow chamber assay was
used to assess attachment of GPlba-targeted MBs
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to rhesus macaque platelets. Collagen-coated cul-
ture dishes were blocked with human serum albumin
(2.5%) and mounted on a rectangular flow chamber.
Platelet-rich plasma from WSD—-fed rhesus macaques
was placed on the dishes for 10 minutes and washed
with PBS. Suspensions of GPIba-targeted and control
MBs (5x10% mL" in PBS) differentially labeled with the
lipophilic fluorophores and dioctadecyl tetramethylin-
docarbocyanine perchlorate and dioctadecyloxacarbo-
cyannine perchlorate, respectively, were drawn through
the chamber at a shear stress of 1.0, 2.0, or 8.0 dyne/
cm? for 5 minutes. Plates were washed for 5 minutes
with PBS at the same shear rates after which micro-
bubble attachment to adherent platelets was assessed
by fluorescent microscopy in 10 randomly selected
nonoverlapping optical fields (0.03 mm?). Data were ex-
pressed as a ratio of fluorescent microbubbles area to
platelet area, and were separately analyzed for regions
with (1) single platelets or aggregates <50 pm?, or (2)
platelet aggregates >50 pm?, because of the tendency
of the latter to produce regional variations in shear.

CEU Molecular Imaging

Bilateral ultrasound molecular imaging of the distal
common carotid artery and bulb was performed in
long-axis using multipulse contrast-specific imaging at
7 MHz, a mechanical index of 1.9, a dynamic range
of 55 dB, and a frame rate of 1 Hz (Sequoia, Siemens
Medical Imaging, Mountain View, CA). Intravenous
injections of 1x10® targeted microbubbles agents
were performed in random order. After each injec-
tion, ultrasound was paused for 1 minute, after which
2-dimensional ultrasound at low power (mechani-
cal index <0.10) was used to locate the carotid artery
before activating contrast-specific imaging for sev-
eral frames. To minimize signal from freely circulating
agent, the left ventricle of the heart was simultaneously
(at 1 minute postinjection) exposed to high mechani-
cal index (1.3) ultrasound at 1.3 MHz and a frame rate
of 25-30 Hz. Signal for retained agent in each carotid
artery was quantified by digitally averaging the first
2 frames acquired and subtracting several averaged
frames acquired after >5 destructive pulse sequences.
Signals from regions-of-interest at the near and far
walls of the distal common and proximal internal ca-
rotid artery were averaged.

Carotid Morphometry and Vascular
Stiffness

The carotid artery was imaged in long axis by
2-dimensional ultrasound using a linear array probe
at 18 MHz (Logiq E9; GE Healthcare, Waukesha, WI).
Common carotid intimal medial thickness (IMT) was
expressed as the average of >3 far-wall measure-
ments. Carotid plague was defined by focal thickening
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of >1 mm or the presence of calcification. Pulse-wave
velocity, an index of vascular stiffness, was assessed
by spectral pulse-wave Doppler measurement of the
time delay of the onset of systolic forward velocity be-
tween the aortic arch and femoral artery, using the
ECG as a time reference, divided by the distance be-
tween them. Data were averaged for 3 cardiac cycles.

Myocardial Perfusion Imaging

Transthoracic myocardial contrast echocardiography
was performed with a phased-array probe (Sonos
5500; Philips Ultrasound, Andover, MA). Myocardial
contrast echocardiography was performed using power
modulation imaging at 1.6 MHz and a mechanical index
of 0.18 during an intravenous infusion of lipid-shelled de-
cafluorobutane microbubbles (1x108 min). End-systolic
images were acquired after a high-power (mechanical
index 1.0) destructive pulse sequence. Imaging was
performed in the apical 4- and 2-chamber views at rest
and during adenosine stress (140 mg/kg per minute).
Postdestructive time-intensity data from 2 separate cor-
onary artery territories were fit to the function:

y=A(1-ef) (1)

where y is intensity at time t, A is plateau intensity rep-
resenting relative microvascular blood volume, {3 is the
microvascular flux rate, and the product of A and (3 is
an index of myocardial blood flow.

Plasma Lipid, Cytokine, and VWF
Measurement

Cytokine levels from venous blood samples were de-
termined using a monkey multiplex cytokine panel
(ThermoFisher Scientific, Waltham, MA) following
the manufacturer’s instructions. Samples were ana-
lyzed on a Milliplex Analyzer (EMD Millipore, Billerica,
MA) bead sorter with XPonent Software version 3.1
(Luminex, Austin, TX). Data were calculated using
Milliplex Analyst software version 5.1 (EMD Millipore).
Intra-assay CVs for all analytes were <15%. Citrated
venous blood samples were used to quantify circulat-
ing VWF concentration via sandwich ELISA.?3

Flow Cytometry

Flow cytometry of platelet-rich plasma stored in so-
dium citrate was performed for surface markers of
platelet activation, including CD41 and p-selectin
(Data S1).

Blood Oxidative Markers

Markers of oxidative stress in citrated whole blood were
measured by mass spectrometry. These measurements
included total thiol and glutathione concentration, and
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the proportion of each that was in the reduced state,
and the presence of mixed disulfides such as cysteine-
glycine (Cys-Gly), which have been recently identified
as a plasma biomarker of oxidative stress.?* Full de-
scriptions of methods are provided in Data S1.

Statistical Analysis

Data were analyzed on Prism v.8.0. Depending on
whether data were normally or nonnormally distributed
(based on the D’Agostino and Pearson omnibus test),
differences between cohorts were assessed by a 1-
way ANOVA or Kruskal-Wallis test with Dunn’s multiple
comparison. Post hoc testing was performed with a
Mann Whitney U test or, for differences between base-
line and postapocynin conditions, a Wilcoxon rank sum
test. Correlations were made using linear regression
and a Spearman rho test. Comparisons were consid-
ered significant at P<0.05.

RESULTS

Body Morphometry, Metabolic Status,
and Plasma Lipids

For animals on WSD, the median duration on the diet
was 4.0 years (interquartile range [IQR]: 3.5-4.6 years).
Compared with lean controls, animals on WSD before
treatment with apocynin (baseline) had greater body
mass and truncal adiposity on DEXA (Figure 1A and 1B).
The insulin and glucose areas under the curve product
on intravenous glucose tolerance test and homeostatic
model assessment for insulin resistance index showed
variable degrees of IR in the obese animals on WSD
(Figure 1C and 1D). Obese animals also had signifi-
cantly elevated baseline plasma total cholesterol, LDL-C
(low-density lipoprotein cholesterol), and triglycerides
(Figure 1E through 1H). Treatment of obese animals with
8 weeks of apocynin did not significantly alter the body
mass, truncal fat, degree of IR, or lipid status.

Blood Markers of Oxidative Stress

On evaluation of thiol species in whole blood and plasma,
glutathione was by far the most abundant thiol, account-
ing for >85% of thiols. When compared with lean con-
trols, obese animals on WSD had decreased amounts
of reduced blood thiols, which was attributable to a de-
crease in reduced glutathione in whole blood (Figure 2A
through 2F). In plasma, cysteine and Cys-Gly were the
main thiols while protein-bound cysteine and Cys-Gly
were the most abundant protein disulfide—bound ad-
ducts (Figure S1), all of which have been associated with
increased oxidative stress.?* Total cysteine and protein-
bound cysteine tended to be higher in obese animals
(Figures 2G and 2H), though these differences did not
reach statistical significance. However, total Cys-Gly
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Figure 1. Indices of metabolic status in lean rhesus macaques, and obese animals on WSD at BL and after 8 weeks of

apocynin treatment.

Bar-whisker plots illustrate the median (bar), interquartile range (box), and range (whiskers) for (A) body mass, (B) truncal fat on
DEXA, (C) product of insulin and glucose AUC on IVGTT, (D) HOMA-IR index, (E) serum cholesterol, (F) LDL cholesterol, (G) HDL
cholesterol, and (H) serum triglycerides. *P<0.05 vs lean. AUC indicates area-under-the-curve; BL, baseline; DEXA, dual-energy x-ray
absorptiometry; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment for insulin resistance; IVGTT, intravenous
glucose tolerance test; LDL, low-density lipoprotein; and WSD, Western-style diet.

and protein-bound Cys-Gly were significantly higher
in the obese animals (Figures 21 and 2J). Plasma con-
centrations of 8-series F,-isoprostane were also higher
in obese animals (Figure 2K). Cumulatively, these re-
sults indicate greater oxidative stress in NHPs on WSD.
Statistical power for detecting changes in oxidative
stress after apocynin treatment was limited by hemolysis
in several samples. Yet apocynin treatment resulted in
significant increases in reduced thiols (median 0.50 [IQR,
0.46-0.54] versus 0.56 [IQR, 0.53-0.59], P=0.03) and
reduced glutathione (median 0.49 [IQR, 0.45-0.52] ver-
sus 0.55 [IQR, 0.52-0.58], P=0.03).

Vascular Morphology and Function
There were no significant groupwise or stagewise dif-
ferences in heart rate, nor systolic or diastolic blood
pressure (Table S1). Carotid IMT was greater in obese
animals on WSD than in lean controls (Figure 3). Three
obese animals had evidence of mild discrete plaque
in 1 common or external carotid artery. There were
no groupwise differences in aortic stiffness on pulse-
wave velocity. In obese animals, neither carotid IMT
nor pulse-wave velocity was significantly changed by
8 weeks of apocynin treatment.

Myocardial contrast echocardiography perfusion
imaging at rest and during adenosine was performed

J Am Heart Assoc. 2021;10:e019413. DOI: 10.1161/JAHA.120.019413

to assess coronary microvascular response, abnor-
malities of which are often associated with impaired
endothelial function and oxidative stress. A significant
groupwise difference was found for microvascular
flux rate (B-value) during adenosine stress (Table 1).
Although post hoc analysis between groups for all
measurements did not reach statistical significance
after correcting for multiple comparisons, there were
consistent trends towards lower resting and hyper-
emic values for microvascular flux rate (3-value), blood
flow, B-reserve, and flow reserve in obese animals
versus lean controls. Treatment of obese animals with
apocynin also tended to produce higher hyperemic
microvascular flux rate and perfusion, and greater [3-
reserve and flow reserve. Vital signs at rest and during
stress were similar between groups (Table S1).

Carotid Molecular Imaging

In vitro flow chamber studies were used to assess
binding of GPIba-targeted microbubbles to platelets
from rhesus macaques. Platelet-targeted microbub-
bles selectively attached to single platelets and plate-
let aggregates, whereas attachment for nontargeted
control agent was rare (Figure 4A and 4B). Shear-
dependent attachment was observed for attachment
to single platelets or small platelet aggregates. Shear
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Figure 3. Vascular morphology and functional analysis in lean rhesus macaques, and obese animals on WSD at BL and

after 8 weeks of apocynin treatment.

A, Example of IMT thickening in the carotid bulb (arrow, top) and common carotid artery (arrow, bottom). Bar-whisker plots illustrate
the median (bar), interquartile range (box), and range (whiskers) for (B) carotid IMT, and (C) pulse wave velocity. *P<0.05 vs lean. BL
indicates baseline; IMT, intima-medial thickness; and WSD, Western-style diet.

dependency was not found for large aggregates, likely
because of the potential of large aggregates to inter-
rupt laminar flow and create regions of shear hetero-
geneity along the aggregate surface.

CEU molecular imaging of the carotid arteries for
platelet GPlIba at the endothelial surface and for en-
dothelial VCAM-1, a marker of inflammatory activation,
revealed low signal enhancement in lean control an-
imals similar to that generated from control contrast
agent (Figure 4C). In animals on WSD, signal for both
VCAM-1 and platelet GPIba was elevated compared
with nontargeted agent, and higher than that from lean
control animals. Signal for platelet GPlba modestly
correlated with that from VCAM-1 within the same ca-
rotid arteries (Figure 4D). There was no morphologic
evidence for carotid thrombus formation at the sites

of platelet molecular imaging signal. Neither platelet
GPIba nor VCAM-1 signal on CEU was found to cor-
relate with body mass, truncal adiposity, time on WSD,
or degree of IR on intravenous glucose tolerance test
(Table 2), although a modest but significant relationship
was found between GPIba signal and body mass and
adiposity. Carotid IMT was found to correlate modestly
with signal for both platelet GPlba and VCAM-1 signal
(Table 2, Figure S2). Flow cytometry for platelet mark-
ers of inflammation, including CD41 and p-selectin,
indicated that apocynin had no effect on platelet acti-
vation status, although there also was no evidence for
increased platelet activation in the obese versus lean
animals (Figure S3).

In obese animals, 8 weeks of therapy with apocynin
significantly reduced the carotid molecular imaging

Table 1. Rest and Vasodilator Stress Myocardial Perfusion Values Derived From MCE*
Obese (n=6)
Lean (n=6) Baseline 8 Wks Apocynin
Rest
Flux rate (B-value, ™) 1.1 (0.74-1.37) 0.68 (0.37-1.13) 0.61 (0.48-1.10)
MBF (AR, IU/S) 110 (61-150) 66 (32-119) 51 (39-84)
Vasodilator stress
Flux rate (3-value, ) 1.72 (1.51-2.43) 1.04 (0.76-1.32)" 1.48 (0.86-2.33)
MBF (AB, IU/s) 168 (122-270) 97 (64-127)t 168 (122-270)
Reserve (stress/rest)
B-reserve 1.72 (1.41-2.53) 147 (1.05-2.33) 1.61 (1.37-3.96)
MBF reserve 1.70 (1.12-2.61) 1.43 (1.03-2.25) 1.81 (1.44-3.96)

MBF indicates myocardial blood flow; and MCE, myocardial contrast echocardiography.

*Data are display as median (interquartile range).
P<0.05 versus lean.
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the median (bar), interquartile range (box), and range (whiskers) for CEU molecular imaging for control (Ctrl) and targeted MB agents
in lean and obese animals. *P<0.05 vs lean. D, Correlation between VCAM-1 and GPIba signal on CEU molecular imaging on a per-
artery basis. CEU indicates; GPIba, glycoprotein Iba; MB, microbubbles; VCAM-1, vascular cell adhesion molecule-1; and VIU, video

intensity units.

signal for platelet GPlba and VCAM-1, whereas no sig-
nificant change was observed for control agent signal
(Figure 5). Arteries with the highest GPlba or VCAM-1
signal at baseline had the greatest relative decrease in
signal after therapy.

In a limited array of plasma cytokines that could
be measured in NHP plasma (Figure 6), compared
with lean animals, obese animals at baseline had
higher concentrations of higher interleukin-1 receptor
antagonist (IL1-RA) and chemokine c-c motif ligand-2
(also known as monocyte chemoattractant pro-
tein-1), although statistical significance was reached
only for IL1-RA and not chemokine c-c motif ligand-2.
In obese animals, apocynin resulted in a decrease
in interleukin-1 receptor antagonist levels, although

J Am Heart Assoc. 2021;10:e019413. DOI: 10.1161/JAHA.120.019413

statistical significance was borderline. Plasma VWF
antigen levels were higher in obese versus lean ani-
mals, but did not significantly change with apocynin
treatment. These data indicate that groupwise dif-
ferences in endothelial phenotypes on molecular
imaging were associated with modest groupwise
differences in circulating pro-inflammatory cytokine
levels.

DISCUSSION

The critical role platelets play in acute atherothrombotic
events in patients with late-stage atherosclerotic dis-
ease is well established. It is increasingly recognized
that platelet adhesion promotes atherosclerotic plaque
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Table 2. Correlation of Morphometric and Metabolic Data
With Molecular Imaging

GPlba Signal (h=21) | VCAM-1 Signal (n=19)

Pearsonr | PValue | Pearsonr | P Value
Body mass 0.50 0.02 0.25 0.29
Truncal adiposity 0.55 <0.01 0.33 0.16
Time on WSD* 0.42 0.22 0.50 0.14
IVGTT AUC Product 0.40 0.07 0.39 0.09
Carotid IMT 0.54 0.01 0.59 <0.01

AUC indicates insulin-glucose area-under-the-curve; GPIba, glycoprotein
Iba; IMT, intima-medial thickness; IVGTT, intravenous glucose tolerance test;
VCAMA1, vascular cell adhesion molecule-1; and WSD, Western-style diet.

*Analysis performed for obese animals only (n=12 comparisons). Pearson
r represents the Pearson correlation coefficient.

development at an early stage through multiple path-
ways."21925 Animportant component of “thromboinflam-
mation” in plaque development is the ability of platelets
to influence the local balance of pro-inflammatory cy-
tokines, ROS, and inflammasome activation status. An
obstacle to studying pro-atherogenic effects of platelets
is the lack of methods for assessing adhesion in vivo
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Figure 5. Individual data for CEU molecular imaging signal
in obese animals at BL and after 8 weeks of apocynin
therapy for (A) control MB, (B) GPlba-targeted MB, and (C)
VCAM-1-targeted MB.

D, Example carotid artery CEU molecular imaging of platelet
GPIba from an obese animal at BL and after apocynin therapy.
Images show background-subtracted and color-coded (scale at
right) CEU signal superimposed on a co-registered 2-dimensional
B-mode image. BL indicates baseline; CEU; GPIba, glycoprotein
Iba; MB, microbubbles; VCAM-1, vascular cell adhesion
molecule-1; and VIU, video intensity units.
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in animal models that closely resemble humans. In
this study, noninvasive ultrasound molecular imaging
with targeted probes that are confined to the vascular
compartment was used to examine carotid endothelial—
platelet adhesion in NHPs with diet-induced obesity and
IR. Our results indicate that (1) platelet adhesion occurs
in atherosclerosis-prone arteries of obese rhesus ma-
caques before significant plaque development; (2) the
degree of platelet adhesion is independent of the degree
of IR or obesity; (3) there is an association between the
degree of platelet adhesion and other markers of en-
dothelial activation such as VCAM-1 expression; and (4)
inhibition of NOX2 with apocynin reduces both plate-
let adhesion and VCAM-1 expression without major
changes in metabolic function or plasma cytokine levels.
Atherosclerosis is a disease that, in most individuals,
becomes clinically evident decades after disease initia-
tion. Important insights into the pathobiology of plaque
progression have been provided through gene-modified
mice. Yet, our understanding of human atherosclerosis
must also rely on models in which the temporal course,
spatial distribution, and biologic pathways are similar
to those in humans. We used an NHP model in which
adult rhesus macaques were fed a diet moderately high
in saturated fat and cholesterol for an average of 4 years
in order to study vascular changes that occur as a result
of obesity and IR. Similar to what occurs in humans, the
severity of IR and lipid derangement varied substantially
between individual animals. Despite the wide variation
in metabolic response that occurs with this model,?® in
vivo imaging has previously demonstrated a relatively
uniform time-dependent increase in endothelial VCAM-
1, endothelial selectin expression, and IMT for 2 years
after starting WSD.?? These data indicate that endothelial
inflamsmatory responses are influenced by diet-induced
obesity, but are not tightly coupled to the degree of IR.
Neither platelet—endothelial interactions nor the oxida-
tive pathways that can promote these interactions have
been studied previously in human or NHPs.
Platelet—endothelial interactions, primarily through in-
teraction of GPIba and endothelial-associated VWF, have
been shown in small animal models to promote athero-
genesis.3® Characterization of these interactions in hu-
manlike models of obesity and IR is important to study
for several reasons. Increased oxidative stress and cer-
tain lipid derangements associated with metabolic dis-
ease are known to interfere with ADAMTS13-mediated
cleavage of endothelial VWF.%1823 |n small clinical trials
of patients with diabetes mellitus, low ADAMTS13 activ-
ity has been associated with increased rates of cardio-
vascular events.?” Yet plasma levels of VWF are higher
in patients with diabetes mellitus or high-risk metabolic
syndrome,?829 and are known to progressively increase
after initiating WSD in NHPs.?? In aggregate, these data
suggest that IR may be associated with increased en-
dothelial VWF production or mobilization, and reduced
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Figure 6. Bar-whisker plots illustrate the median (bar), interquartile range (box), and range (whiskers) for plasma (A) IL-1(,
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*P<0.05 vs lean. BL indicates baseline; CCL-2, chemokine c-c motif ligand-2; CCL-5, chemokine c-c motif ligand-5; G-CSF, granulocyte
colony-stimulating factor; IFN-y, interferon gamma; IL-13, interleukin-13; IL-1RA, ingterleukin-1 receptor antagonist; TNF-a, tumor

necrosis factor-a; and VWF, von Willebrand factor.

ability to proteolytically cleave endothelial-associated ul-
tralarge VWF multimers.

For the current study, platelet adhesion was im-
aged by using targeted microbubbles that are similar to
platelets in size and that bear the 15-amino acid cyclic
peptide that binds to constitutively expressed platelet
GPlba in primates.?! A PEGylated monomeric version of
this peptide has been shown to be effective in humans
by inhibiting neutrophil-platelet aggregation mediated
by GPIba interaction with Mac-1.%° CEU signal from the
platelet-targeted agent in the carotid artery was signifi-
cantly increased in NHPs that had diet-induced obesity,
IR, and dyslipidemia. These obese animals also had
evidence of early atherosclerotic changes in the form
of increased IMT on carotid ultrasound, and evidence
for endothelial dysfunction on coronary microvascular
vasodilator testing. Carotid platelet adhesion on CEU
did not correlate closely with the degree of obesity
or IR, indicating that simply the presence and not the
degree of metabolic derangement determines platelet
adhesion. In vitro studies have indicated that platelets
can activate the endothelium through platelet-derived
growth factors, chemokines, and ROS.?® Accordingly,
CEU was used to also assess endothelial VCAM-1 ex-
pression, which correlated with the degree of platelet
signal. The idea that platelet adhesion has a role in

stimulating VCAM-1 expression is supported by studies
in atherosclerotic mice where endothelial expression of
VCAM-1 is influenced by manipulation of ADAMTS13
activity and GPIba-mediated platelet adhesion.®!

The generation of ROS is likely a common path-
way linking endothelial dysfunction, VWF-mediated
platelet adhesion, and diet-induced obesity or IR.
Oxidative pathways are enhanced in patients with di-
abetes mellitus,'? including oxidative modification of
VWEF.22 In our studies, decreased levels of reduced
thiols in whole blood, and increased levels of protein-
bound cysteine, Cys-Gly, and F,-isoprostanes in
plasma indicated elevated oxidative stress in animals
on WSD. The effects of apocynin, a plant-derived a-
methoxyphenol that inhibits cytosolic assembly of
NOX2 subunits,'® were investigated based on several
lines of reasoning. Murine studies have revealed a
critical role of the NOX2 isoform in atherosclerosis.3?
Moreover, apocynin has been shown to reverse oxida-
tive endothelial abnormalities attributable to hypergly-
cemia.®* In several murine models of atherosclerosis,
long-term therapy with apocynin has been shown
to reduce endothelial platelet adhesion in mice.®?°
This finding is congruent with the notion that ROS
can stimulate endothelial secretion of VWF,'® and ren-
der VWF less susceptible to proteolysis.” Flow data
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indicated that platelet activation status did not play
a major role in the differences in platelet adhesion
seen according to cohort and treatment. This finding
is aligned with human studies that have found no evi-
dence for platelet activation from obesity alone.®® The
reduction in platelet adhesion by apocynin in murine
atherosclerotic models was associated with not only
reduced platelet adhesion, but also slower plaque
growth, less endothelial cell adhesion molecule ex-
pression, and suppression of plaque macrophage
accumulation.®20

In the current study, apocynin was found to reduce
carotid artery CEU signal for platelet GPIba and VCAM-
1, and to improve microvascular function in general in
obese animals. This effect was independent of any
major changes in the degree of obesity, IR, or lipid
status. We have not yet determined whether apocynin
reduced platelet adhesion by decreasing endothelial
surface mobilization of ultralarge VWF multimers, by
enhancing ADAMTS13-mediated cleavage of VWEF,
or by some other mechanism. Molecular imaging for
VWEF was not performed because of lack of validated
probes. Molecular imaging studies performed in hy-
perlipidemic mice with accelerated atherosclerosis
have revealed that apocynin not only reduces plaque
formation as mentioned above, but reduces the en-
dothelial VWF, and specifically the A1 binding domain
for GPlba.® Not included in this study were our un-
successful attempts to measure plasma ADAMTS13
activity using assays that are linear over a wide
range of activity.®® It has been firmly established that
ADAMTS13 from macaques and humans have similar
proteolytic activity against human VWF.5"3 Yet, our
results indicated very low plasma ADAMTS13 activity
for both obese and lean NHPs (10%-40% of human),
raising concerns that our assays were adversely af-
fected by storage, presence of citrate, and repetitive
freeze—thaw cycles.

There are several important limitations of this
study. The sample size was small based on the re-
sources needed to study NHP models of sustained
IR induced by WSD for several years. The exten-
sive profiling of these animals allowed us to derive
as much information as possible from this valuable
and limited resource. While CEU molecular imaging
provides an in vivo assessment of endothelial phe-
notype, histologic validation of the technique has
been performed in mice, not primates. Instead, we
relied on flow chamber assays for ex vivo validation
of microbubbles adhesion in shear. We are, how-
ever, reassured by previous studies showing time-
dependent increase in CEU signal for endothelial
inflammatory activation after starting WSD,?? and by
our current findings that CEU signal correlated with
carotid IMT. The premise for this study is that plate-
lets contribute to vascular inflammatory activation
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at an early stage of disease. While our study is the
first to show platelet adhesion in a primate model of
obesity and IR, we did not conclusively demonstrate
a causative relationship between platelet adhesion,
VCAM-1, and IMT. When considering the role of oxi-
dative stress, we were not powered to determine the
quantitative relationship between ROS generation
and platelet adhesion. On the basis of the size of the
cohort, we did not compare effects of apocynin to
conventional antiplatelet agents. Because GPIba is
constitutively expressed and does not require activa-
tion, drugs such as aspirin have minimal influence on
platelet adhesion to VWF or collagen.®® Hence, while
aspirin or dual antiplatelet therapy reduce aggrega-
tion and likelihood for acute thrombotic complica-
tions, they may not be entirely useful for the indolent
pro-inflammatory effects of platelet adhesion.

In summary, our findings indicate that platelet-
endothelial interactions occur in a NHP model of
diet-induced obesity and IR at early stages of ath-
erosclerotic intimal-medial thickening in the carotid
artery. The degree of platelet adhesion correlates
with the degree of VCAM-1 expression, supporting
but not proving the hypothesis that platelet adhe-
sion contributes to endothelial inflammatory activa-
tion. Treatment of animals with the NOX2-inhibitor
apocynin significantly reduced carotid platelet adhe-
sion and VCAM-1 expression without altering met-
abolic status. Whether this approach can suppress
plague formation will require studies with longer du-
ration of therapy. Based on our results, further inves-
tigation of strategies to reduce platelet-endothelial
interaction is warranted.
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SUPPLEMENTAL MATERIAL



Data S1.

Supplemental Methods

Flow cytometry

Platelet-rich plasma was immediately isolated from whole blood collected into
sodium citrate tubes and was stored at -80° C. Thawed samples were used for platelet staining with
anti-human antibodies known to cross react with non-human primates at dilutions determined by
appropriate titration experiments. Platelet were stained using FITC-labeled anti-human CDA41
monoclonal antibody (HIP8; BioLegend, San Diego, CA) at 1:200 dilution. Staining for p-selectin
was performed using a biotinylated p-selectin glycoprotein ligand-1 dimeric fusion protein with
human immunoglobulin-1 (YSPSL) which cross reacts with the macaque species. Secondary
staining was performed with FITC-labeled streptavidin (BD Biosciences). Control experiments
with isotype control antibody and no antibody were performed to establish 99.9% exclusion gates.
Flow-cytometry analysis was performed using a FACSCanto Il (BD Biosciences). Forward-scatter
area and side-scatter area profiles together with presence of any CD41 staining were used to gate
for the platelet population. Data were expressed as the geometric mean fluorescence intensity for

events beyond the 99.9% exclusion gate. Experiments were performed in duplicate.

LC-MS/MS Analysis
Aliquots of whole blood and plasma were snap frozen and stored at -80° C until analysis.
Plasma protein concentration was measured by the Bradford assay (Bio-Rad, Hercules, CA) using

bovine serum albumin as the standard. To measure small molecular thiols and disulfides, samples



were mixed 1:1 with 5 mM N-ethylmaleimide in 5 mM PBS, pH 6.0, for 30 minutes at 37° C. For
total thiols and disulfides, 20 uL. samples were reduced with 80 uL of 12 mM dithiothreitol in 20
mM PBS, pH 7.4, for 20 min at 65° C. Samples were then alkylated with 40 mL of 60 mM N-
ethylmaleimide in 5 mM PBS, pH 6.5, for 20 minutes at 65° C. Protein precipitation was performed
with methanol (80% final v/v/) for 1 hour at -20° C followed by centrifugation at 20,000 g for 20
min. The supernatant was diluted (10% v/v) in 0.01% acetic acid. LC-MS/MS analysis was
performed using a Waters ACQUITY I-Class ultra-performance liquid chromatograph coupled to
a SCIEX QTRAP 6500 mass spectrometer with standard electrospray ionization source. Analytes
were separated using a Waters HSS T3 column at 40° C. Analysis was performed as described in
on-line Supplemental Methods, and whole blood samples were normalized to hemoglobin
concentration while plasma samples were normalized to total protein.

Mobile phase A was 0.1% formic acid in water and mobile phase B was 0.1% formic acid
in acetonitrile. Samples (5 or 10 ul) were injected using an autosampler at 8 °C. Analytes were
eluted at a flow rate of 0.3 ml/min with a gradient of increasing mobile phase B concentration, as
follows: 0.2% for 1 min, 0.2% to 10% for 1 min, 10% to 25% for 4 min, and 25% to 90% for 2
min. The column was cleaned with 90% mobile phase B for 1.5 min and then equilibrated with
0.2% mobile phase B for 5 min. Analytes were detected in the mass spectrometer using MRM in
positive mode under the following conditions: ion spray voltage: 5500 V, temperature: 550 °C,
curtain gas: 40 psi, collision gas: high, ion source gas 1: 45 psi, ion source gas 2: 50 psi, entrance
potential: 10 V, collision cell exit potential: 11 V. The detailed conditions for MRM transitions,
optimized declustering potential (DP), and collision energy (CE) are listed in Table 1. All LC-

MS/MS systems were controlled by Analyst® software version 1.6.2 (SCIEX) and MRM data



were acquired using the same software. LC-MS/MS-MRM data was processed using MultiQuant
2.1 software (SCIEX). The peak area was used to quantify the concentration of analytes as follows:
A. If the isotopically labeled analyte was present in the internal standard, the concentration of the
corresponding analyte in samples was calculated by:

_ (Peak area)y- i
lal = (Peak area) 4+ x[a]

where a* is the isotopically labeled analyte in the internal standard with known concentration, and
a Is the corresponding analyte. The concentration of protein-bound thiols was considered to be
equal to the concentration of total thiols an disulfides minus the concentration of total small

molecular thiols and disulfides.



Table S1. Vital Signs at the Time of Vascular Assessment Under Basal Conditions and
During Adenosine Stress*.

Obese
Lean (n=6) Baseline 8 Wks Apocynin  p-value

Baseline

Heart rate (bpm) 136 (119-144) 128 (117-136) 105 (100-137) 0.14

Systolic BP (mm Hg) 82 (70-104) 84 (73-96) 72 (56-88) 0.72

Diastolic BP (mm Hg) 44 (35-50) 43 (34-63) 35 (27-44) 0.40
Adenosine

Heart rate (bpm) 138 (117-149) 144 (132-145) 137 (131-141) 0.68

Systolic BP (mm Hg) 85 (74-99) 95 (75-103) 95 (66-114) 0.87

Diastolic BP (mm Hg) 38 (33-48) 45 (37-54) 46 (35-71) 0.53

*Data are display as median (interquartile range); p-values were calculated by Kruskal-
Wallis test.



Figure S1. (A) Thiol composition in whole blood measured by mass spectrometry. Data
from 11 animals (lean: n=6, WSD: n=5) are displayed. (B) Protein-bound thiol composition
in plasma measured by mass spectrometry.

>

100 4
100 4

= =

60 60 4

40 1 40 -

% of total thiol in plasma

20 20 4

% of total protein-bound thiol in plasma 9

Glutathione Cysteine Cys-Gly ~ Homocysteine  yGlu-Cys Glutathione Cysteine Cys-Gly  Homocysteine

Protein-bound

Data from 11 animals (lean: n=6, WSD: n=5) are displayed.



Figure S2. Correlation between common carotid average IMT and CEU-derived molecular
imaging signal for GPlba or VCAM-1.
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Figure S3. Examples of flow cytometry data for platelet activation status.
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A combination of side versus forward light scatter (top rows) and positive staining for any CD41
(second row) were used to identify the platelet population (indicated by green events). Histograms
for fluorescent intensity on staining for CD41 (third row) and p-selectin (bottom row) are shown.
Geometric means (GM) are provided for events beyond the 99.9% exclusion gate from control
experiments, illustrated by events to the right of the vertical line.



