Published on 26 October 2019. Downloaded by University of Georgia on 1/3/2020 4:36:35 AM.

Food &
Function

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/c9fo01686d

Received 27th July 2019,
Accepted 22nd October 2019

DOI: 10.1039/c9fo01686d

rsc.li/food-function

Coenzyme Q10 attenuates platelet integrin
allbp3 signaling and platelet hyper-reactivity
in ApoE-deficient micet

Fuli Ya, © 2P< Xjaohong Ruby Xu,® Zezhong Tian, {2 °<© Reid C. Gallant,
Fenglin Song, © " Yilin Shi, ©2°< Yinfan Wu, © < Jianbo Wan, © ¢ Yimin Zhao, © ><*
Reheman Adili," Wenhua Ling,”< Heyu Ni & %! 3nd Yan Yang @ *°<e

Coenzyme Q10 (CoQ10) exists in a wide variety of foods and has promising cardiovascular benefits.
However, its effects on platelets and integrin allbp3 signaling during atherosclerosis have not been pre-
viously explored. Here, apolipoprotein E-deficient (ApoE‘/‘) mice were fed a standard diet, high-fat diet
(HFD) or CoQ10-supplemented HFD for 12 weeks. We found that CoQ10 supplementation in ApoE™"~
mice significantly alleviated formation of HFD-induced atherosclerotic lesions, and attenuated platelet
hyper-aggregation and granule secretion, including CD62P, CD63 and CD40 ligand (CD40L) expression
and platelet factor-4, p-thromboglobulin and activation normal T cell expressed and secreted (CCL5)
release. CoQ10 supplementation decreased soluble fibrinogen and JON/A binding to allbp3 on activated
platelets, indicating that allbp3-mediated inside-out signaling was attenuated. Additionally, CoQ10 down-
regulated platelet allbp3 outside-in signaling including decreasing phosphorylation of the B3 intracellular
tail, cellular and sarcoma tyrosine-protein kinase (c-Src), and myosin light chain (MLC), and consistently
attenuating platelet spreading and clot retraction. Importantly, platelet-monocyte aggregation that was
primarily mediated by allbp3 and can be blocked using an allbp3-specific antagonist tirofiban was also
markedly diminished by CoQ10. Thus, CoQ10 supplementation attenuates platelet hyper-reactivity via
down-regulating both allbp3 inside-out and outside-in signaling, which may play important preventive
roles in atherothrombosis.

1. Introduction
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Diet or dietary composition intervention is one of the key
approaches to prevent cardiovascular diseases (CVDs).'”>
Coenzyme Q10 (CoQ10) is an effective natural antioxidant that
is abundant in various foods as well as in human plasma.®” It
has been well established that dietary CoQ10 supplements
decrease the risk of CVDs.® More recently, we also found that
CoQ10 supplementation for 24 weeks improved lipid and gly-
cemic profiles in dyslipidemic individuals.” We and others pre-
viously demonstrated that CoQ10 inhibited the progress of
atherosclerosis.®'" Improvement of endothelial cell function
and promotion of macrophage reverse cholesterol transport
might partially contribute to the atheroprotective effects of
Co0Q10.""* Very recently, we have shown that CoQ10 up-regu-
lates the platelet cAMP/PKA pathway and attenuates integrin
allbp3 signaling in vitro and in dyslipidemic human patients,
as well as attenuates thrombus growth in a FeCls-induced
murine thrombosis model."® However, the role of CoQ10 in
platelet function, which is important for the initiation and

development of atherosclerosis,"'® particularly under
proatherosclerotic conditions, has never been explored.
Food Funct.
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Platelets are anucleate blood cells that not only play key
roles in thrombosis and haemostasis, but also contribute to
inflammation and atherosclerosis.’>° For example, platelets
can adhere to dysfunctional endothelium, release pro-inflam-
matory compounds, recruit circulating leukocytes, and thus
promote the formation of atherosclerotic lesions.'®'*>?!
Therefore, enhanced platelet activation and aggregation con-
tribute to the process of atherothrombosis, the major cause of
CVDs such as heart attack and stroke, the leading cause of mor-
bidity and mortality worldwide.>*>> Platelet integrin alIbf3 is
the dominant platelet surface receptor; it mediates firm platelet
adhesion and is indispensable for platelet aggregation.?®™®
Platelet integrin alIbp3-mediated inside-out and outside-in sig-
naling  plays critical roles in the process of
atherothrombosis.*>*° The integrin allbf3 inside-out signalling
process changes the conformation of the alIbf3 extracellular
ligand binding domain from a low-affinity state to a high-
affinity state for ligands such as fibrinogen (Fg), von Willebrand
factor (VWF) and other ligands."®*'* Ligand binding to acti-
vated integrin olIbf3 subsequently initiates outside-in signal-
ing, which induces a range of cellular events driving essential
platelet processes including platelet spreading, platelet aggrega-
tion, granule secretion, and clot retraction.?”*!3>

Recent evidence supports an important role of platelet
integrin allbf3-mediated signaling in the progression of ather-
ogenesis via the initiation and modulation of inflammatory
responses.*®*” ApoE™'~ mice lacking the aIIb subunit of integ-
rin olIbp3 showed a profound reduction in the burden of
atherosclerotic lesions.*” Integrin ollbf3 is essential for the
firm adhesion of platelets to dysfunctional endothelial cells
and actively contributes to the recruitment of monocytes onto
the intima during atherosclerotic plaque formation.?”
Moreover, loss of platelet junctional adhesion molecule A
(JAMA), a molecule that is associated with integrin oIIbf3 in
resting platelets and negatively regulates alIbp3 outside-in
signaling,*®”° led to increased plaque formation, particularly
in the early stages of atherosclerosis.*® Activated integrin
allbp3 ligand binding triggers a cascade of events that
enhance expression of platelet adhesion receptors such as
CD62P (P-selectin) and CD40 ligand (CD40L), and pro-inflam-
matory cytokine/chemokine release including platelet factor-4
(PF4) and activation normal T cell expressed and secreted
(CCL5),*>*" which play crucial roles in atherogenesis.** Given
the protective roles of CoQ10 in atherosclerosis and CVDs, the
current study aims to investigate whether the atheroprotective
effects of CoQ10 involve the attenuation of platelet hyper-reac-
tivity, and whether platelet integrin oIIbp3 signaling is modu-
lated during this process in an atherosclerosis model using
ApoE™'~ mice fed on a high-fat diet.

2. Materials and methods
2.1. Chemicals and reagents

CoQ10, CoQ9 and thrombin were purchased from Sigma-
Aldrich (St Louis, MO, USA). Tirofiban was purchased from
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Selleck Chemical (Houston, Texas, USA). CytoPainter
Phalloidin-ifluor 488, antibodies against Fg and fibronectin
were purchased from abcam (Cambridge, UK). Antibodies
against anti-phospho-integrin f3™"*’, anti-phospho-Src™"*'8,
anti-integrin allb (CD41), anti-phospho-MLC®*"'°, GAPDH and
B-actin were obtained from Cell Signaling Technology (MA,
USA). Soluble Fg was purchased from Cayman (Hamburg,
Germany). The following antibodies were used for flow cytome-
try: phycoerythrin (PE)-conjugated anti-mouse CD62P, allophy-
cocyanin (APC)-conjugated anti-mouse CD63, PE-conjugated
anti-mouse CD40L, APC-conjugated anti-mouse ollb, fluor-
escein isothiocyanate (FITC)-conjugated anti-mouse CD45, and
PerCP-efluor 710-conjugated anti-mouse CD115 were obtained
from eBioscience (San Diego, CA, USA). Soluble FITC-conju-
gated Fg was purchased from Thermo Fisher Scientific
(Waltham, MA, USA) and PE-conjugated JON/A was purchased
from Emfret Analytics (Eibelstadt, Germany).

2.2. Animals and diets

Male homozygous ApoE~~ mice (C57BL/6 genetic back-
ground), aged 8 weeks, were obtained from Jackson
Laboratories. Mice were housed under standard conditions
with a 12 h light-dark cycle at 22-24 °C and free access to food
and water. After 2 weeks of adaptation, the animals were ran-
domly divided into three groups and fed either a standard
normal AIN-93G diet (negative control (NC) group), a high-fat
diet (HFD group; containing 0.15% cholesterol, 21% fat, and
19.5% casein; Medicience Ltd, Jiangsu, China) or a HFD sup-
plemented with CoQ10 (1800 mg kg™" diet) (CoQ10 group) for
12 weeks. The dose of CoQ10 was based on our previous
study.'>*® The food consumption and body weight of mice
were monitored weekly. All experiments were approved by the
Animal Care and Use Committee of Sun Yat-sen University
(permit number: SYXK [Yue] 2017-0080). At the end of the
treatment period, murine blood was collected and tissue
samples were stored at —80 °C until analysis.

2.3. Quantification of atherosclerotic lesions

Atherosclerotic lesions in the aortic sinus were measured as
described previously in ref. 36,44. Briefly, the heart and the
whole aorta from ApoE~'~ mice were excised after whole body
in situ perfusion with 4% paraformaldehyde (PFA). Following
an overnight fixation and adventitia removal, upper sections of
hearts were embedded in an optimal cutting temperature
(OCT) compound (Sakura Tissue-Tek, CA, USA) and frozen at
—80 °C. For quantification of the maximum lesion area within
the aortic sinus, frozen sections (8 pm) were obtained from the
aortic sinus using Leica cryostats (Leica, Rijswijk, The
Netherlands) and were stained with 0.5% Oil-red-O (Sigma-
Aldrich, Inc. St Louis, MO) to measure the atherosclerotic
lesion size. For plaque area quantification in the whole aorta,
the aorta was longitudinally opened and stained with Oil-red-O
to visualize lipid deposition. Digital micrographs were
acquired using a Leica microscope (Leica Microsystems,
Heidelberg, Germany), and the lesion areas were analyzed
using Image-Pro Plus image analysis software (Media
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Cybernetics Corporation, USA). The plaque area was calculated
as the percentage of the Oil-red-O" stained area by dividing the
area of the internal aortic lumen or the whole aorta.

2.4. Blood collection and platelet preparation

Murine blood was collected following cardiac puncture of
anesthetized ApoE™~ mice in a tube containing 3.8% acid
citrate dextrose (ACD; 38 mM citric acid, 75 mM trisodium
citrate, 100 mM dextrose). Platelet-rich plasma (PRP) was
obtained by centrifugation at 300g for 7 min. Gel-filtered plate-
lets were then prepared from the PRP using a Sepharose 2B
column in piperazine-1,4-bisethanesulfonic acid (PIPES) buffer
(PIPES 5 mM, NaCl 1.37 mM, KCl 4 mM, glucose 0.1%, pH
7.0), according to our previously described methods.">*>*¢
After isolation of the PRP, the remaining sample was centri-
fuged at 2500g for 15 min at 4 °C to separate the platelet-poor
plasma (PPP). Then, the PPP was further centrifuged at
10 000g for 5 min to remove the remaining cells and stored at
—80 °C until further analysis for plasma inflammatory factors.

2.5. Platelet aggregation assays

The concentration of gel-filtered platelets in PIPES was
adjusted to 2.5 x 10° platelets per mL with the use of PIPES
buffer.>*>*7*® platelet aggregation was performed using a
Chronolog aggregometer (Chrono-Log Corp, Havertown, USA)
in gel-filtered platelets at 37 °C with a sample stirring speed of
1000 rpm using our previously described methods.'®**>¢
Platelet aggregation was stimulated by 0.1 U mL™" thrombin in
the presence of 1 mM Ca®". The change in light transmission
was monitored and recorded for 6 min.

2.6. Detection of platelet surface expression of CD62P, CD63,
and CD40L, as well as Fg and JON/A binding to platelets by
flow cytometry

Gelfiltered platelets (1 x 10° platelets per mL) isolated from
ApoE™'~ mice were labeled with PE-conjugated anti-mouse
CD62P, APC-conjugated anti-mouse CD63, PE-conjugated anti-
mouse CD40L, FITC-conjugated Fg, and PE-conjugated JON/A
antibodies for 20 min, respectively, followed by the addition of
thrombin for 2 min in the presence of 1 mM Ca** to stimulate
platelets. Samples were then fixed with 1% PFA, and analyzed
by using a CytoFLEX flow cytometer (Beckman Coulter, CA,
USA) within 30 min. The data were analyzed by using
CytExpert 2.0 (Beckman Coulter, CA, USA).**°

2.7. Measurement of platelet PF4, B-TG and CCL5 secretion

Murine gel-filtered platelets (1 x 10® platelets per mL) prepared
from ApoE~'~ mice were stimulated with 0.5 U mL™ thrombin
in the presence of 1 mM Ca*", followed by centrifugation at
10 000g for 5 min at 4 °C. The cell-free supernatant was trans-
ferred into another tube and the concentrations of PF4 (R&D
Systems, MN, USA), p-thromboglobulin (B-TG; Abcam,
Cambridge, UK) and CCL5 (eBioscience, CA, USA) were deter-
mined using commercial enzyme-linked immunosorbent assay
(ELISA) kits.

This journal is © The Royal Society of Chemistry 2019
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2.8. Measurement of platelet spreading on immobilized Fg

Platelet spreading on immobilized Fg was carried out accord-
ing to the previously described methods.*® Briefly, gel-filtered
platelets were prepared from ApoE ™'~ mice after 12-week inter-
vention. The Fg (100 pg mL™") coated coverslips were blocked
with 1% bovine serum albumin (BSA) for 60 min at 37 °C, fol-
lowed by incubation with gel-filtered platelets for additional
60 min. Non-adherent platelets were then removed by washing
with phosphate buffered saline (PBS) prior to fixing with 4%
PFA. Platelets were permeabilized with 0.1% (v/v) TritonX-100,
followed by staining with 0.1% (v/v) Alexa 488 conjugated-phal-
loidin for 60 min. Subsequently, the coverslips were washed
with PBS, and adherent platelets were imaged with a 100x
magnification oil immersion lens. The surface area of individ-
ual platelets was quantified using Image] software (NIH, USA).

2.9. Clot retraction assays

Clot retraction assays were performed as previously described
in ref. 50. Briefly, the pooled gel-filtered platelets (2 x 10° plate-
lets per mL) from two mice were added to aggregometer tubes
in the presence of 200 ug mL ™' Fg and 1 mM Ca*". Clot retrac-
tion was initiated by adding 0.1 U mL™" thrombin and moni-
tored every 30 min for 60 min at 37 °C, and documented
photographically using a Nikon camera. Images were analyzed
using the NIH Image] software (NIH, MD, USA).

2.10. Flow cytometry for platelet-monocyte aggregation

Platelet-monocyte aggregation assay was performed as
described previously in ref. 36,51. Freshly isolated leukocytes
(1 x 10° mL™") and platelets (1 x 10® mL™") were suspended in
HBSS containing 5 mg mL™' human albumin and 10 mM
HEPES. The blood cells were then labeled with APC-conjugated
anti-mouse CD41, FITC-conjugated anti-mouse CD45, and
PerCP-efluor 710-conjugated anti-mouse CD115 for 20 min at
room temperature in the dark. Platelets were then stimulated
by using 1 U mL™" thrombin for 2 min in the presence of
1 mM CaCl, and MgCl,. In some experiments, platelet-mono-
cyte interactions were analyzed after pretreatment of the plate-
lets with tirofiban (1 pg mL™"). Platelet-monocyte aggregation
was measured by using a CytoFLEX flow cytometer and the
data were analyzed by using CytExpert 2.0.

2.11. Measurement of plasma levels of PF4, CCL5, IFNy,
TNFa, IL-6, Fg, and fibronectin

The plasma levels of PF4 (R&D Systems), p-TG (Abcam), CCL5
(eBioscience), interferon y (IFNy; Abcam), tumor necrosis
factor o (TNFo; Abcam), interleukin 6 (IL-6; Abcam), Fg
(Abcam), and fibronectin (Abcam) were measured in ApoE™/~
mice after 12-week CoQ10 supplementation using commercial
ELISA kits according to the manufacturer’s instructions.>>

2.12. Measurement of plasma CoQ10 levels

The plasma CoQ10 concentrations in ApoE ™'~ mice were deter-
mined by high performance liquid chromatography (HPLC)
with electrochemical detection (HPLC-EC), according to our
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previously described methods.'”> In brief, the frozen plasma
sample was thawed at room temperature, and then a 100 pL
aliquot of the sample was placed in a 1.8 mL capped poly-
propylene tube containing 50 pL of internal standard solution
(CoQ9). The sample was then mixed with 850 uL of cold 1-pro-
panol. All tubes were vortex-mixed and centrifuged at 21 000g
for 10 min at 4 °C. The resulting supernatant was transferred
to a glass autosampler vial. A 20 pL aliquot of 1-propanol
extract from a vial was injected immediately into an automated
HPLC. The analytical column was a Microsorb-MV reversed-
phase C18 column (4.6 mm x 150 mm; 5 pm bead size; Varian,
Lake Forest, CA, USA). The mobile phase for the isocratic
elution was prepared as follows: sodium acetate trihydrate
(6.8 ), 15 mL of glacial acetic acid, and 15 mL of 2-propanol
were added to 695 mL of methanol and 275 mL of hexane, PH
= 6.0. The mobile phase was filtered through a 0.2 pm nylon or

analogous filter. The flow rate was 1 mL min".

2.13. Western blotting analysis

Protein lysates from platelets exposed for 60 min to immobi-
lized Fg or BSA, or untreated gel-filtered platelets were lysed
with lysis buffer (50 mM Tris, pH 7.4, 0.1% SDS, 150 mM
NacCl, 1% nonidet P 40 (NP40), and 0.5% sodium deoxycholate)
supplemented with protease and phosphatase inhibitors for
30 min, followed by centrifugation at 12 000g for 15 min. The
proteins were separated by SDS-PAGE. Western blotting ana-
lysis was performed wusing our previously described
methods.>*>>*

2.14. Immunohistochemistry for CD68" macrophages and
CD4" T cells in the aortic sinus atherosclerotic lesions

Aortic sinus sections were fixed in cold acetone for 10 min,
washed in PBS, and blocked with 3% BSA for 30 min at room
temperature. Sections were then incubated with primary anti-
bodies including CD68 (Abcam, Cambridge, UK) for macro-
phages, and CD4 (Novus Biologicals, CO, USA) for CD4" T cells
overnight at 4 °C. This was followed by incubation with biotin-
conjugated secondary antibodies, avidin-biotin complex, and
a 3,3-diaminobenzidine (DAB) substrate. Sections were coun-
terstained with haematoxylin and images were acquired using
a Leica microscope.’”” Data were analyzed using Image-Pro
Plus image analysis software.

2.15. Quantitative reverse transcriptase real-time polymerase
chain reaction (QRT-PCR)

After 12 weeks of intervention, total RNA was extracted®® from
the aorta using a mirvanaTM miRNA isolation kit (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. After RNA isolation, 1 pg of total RNA was reverse tran-
scribed to ¢DNA using a RT-PCR kit (TaKaRa, Dalian, Japan).
Primer sequences for all genes (TNFa, IFNy, and IL-6) are
listed in Table S1.7 The housekeeping gene f-actin was used as
an internal control for quantification. Quantification was
acquired on the ABI prism Vii7 Sequence Detection System
(Applied Biosystems, CA, USA).
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2.16. Statistical analysis

GraphPad Prism version 5.01 software (GraphPad Inc., San
Diego, CA, USA) was used for statistical analyses. Data are
expressed as the means + standard errors of the means (SEM).
Differences between two groups were analyzed using unpaired
t-tests and a one-way analysis of variance (ANOVA) followed by
the Newman-Keuls test was used for multiple comparisons. P
< 0.05 was considered to be statistically significant.

3. Results

3.1. CoQ10 supplementation reduces atherosclerotic lesion
formation in ApoE~'~ mice

Cross-sectional or en face plaque extension was evaluated in
the standard normal AIN-93G diet (NC), HFD and CoQ10-sup-
plemented HFD ApoE™'~ mice after 12 weeks of intervention.
Oil-red-O staining showed that 12-week HFD feeding signifi-
cantly increased the atherosclerotic lesion size in the aortic
sinus compared with the NC group (Fig. 1A and B). The mean
atherosclerotic lesion area in the aortic sinus of the
CoQ10 group (17.48% + 2.03%) was less than that of the HFD
group (33.59% =+ 4.59%) (Fig. 1A and B). Moreover, CoQ10 sup-
plementation markedly decreased the HFD-enhanced lesion
area in en face aortic plaque extension (Fig. 1C and D).
Therefore, CoQ10 supplementation reduces atherosclerotic
lesion formation in ApoE_/ ~ mice.

3.2. CoQ10 supplementation attenuates platelet aggregation
and granule secretion

To assess whether CoQ10 was systemically absorbed following
12 weeks of supplementation, the plasma CoQ10 concen-
trations were determined in NC, HFD and CoQ10-sup-
plemented ApoE™'~ mice. We found that the plasma concen-
trations of CoQ10 in the NC group were comparative to that in
the HFD group (Fig. 2A). CoQ10 supplementation resulted in a
higher plasma CoQ10 concentrations by about 20-fold com-
pared to mice fed on the HFD (Fig. 2A). To further determine
whether CoQ10 supplementation acts on platelet function in
relation to atherosclerosis in ApoE™'~ mice, we examined plate-
let aggregation and granule secretion using gel-filtered plate-
lets. We found that CoQ10 treatment significantly attenuated
HFD-induced platelet aggregation to the level of the NC group
in response to thrombin (Fig. 2B and C).

When platelets are activated by agonists like thrombin, col-
lagen and ADP, platelet granules containing abundant mem-
brane-bound proteins are expressed substantively on the plate-
let surface and the soluble proteins (e.g., PF-4, p-TG, and
CCL5) are secreted into the circulation, which promote platelet
aggregation, and atherosclerosis.”> As shown by flow cyto-
metric analysis, compared to the NC group, HFD feeding alone
significantly increased thrombin-stimulated platelet surface
expression of CD62P and CD40L in ApoE™'~ mice, which were
markedly inhibited by CoQ10 supplementation to the level of
the NC group (Fig. 2D and F). We observed no significant
increase in thrombin-stimulated platelet surface expression of

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 CoQ10 supplementation reduces atherosclerotic lesion formation in ApoE™'~ mice. (A and B) Representative images of the atherosclerotic
areas in Oil-red-O stained aortic sinus of NC, HFD or CoQ10-supppemented ApoE ™~ mice (A) and quantification of the lesion area (B) are presented
(n = 10). (C and D) Representative images of en face staining of the entire aorta are shown (C), and Oil-red-O-positive plaque surface is determined
(D) (n = 10). Data are expressed as the means + SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 as assessed by ANOVA followed by the Newman—Keuls
test for multiple comparisons. NS, not significant difference.
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Fig. 2 CoQ10 supplementation attenuates platelet aggregation and granule secretion in ApoE™'~ mice. (A) Plasma CoQ10 concentrations are
measured from ApoE ™/~ mice after 12 weeks of intervention (n = 10). (B and C) Gel-filtered platelet aggregation is stimulated by 0.1 U mL™* thrombin
(n = 10). Representative tracings (B) and summary data (C) are presented. (D) Surface expression of CD62P on gel-filtered platelets prepared from
ApoE~'~ mice is stimulated by 0.1 U mL™* thrombin and analyzed by flow cytometry (n = 10). (E) Same as D, except platelet surface expression of
CD63 stimulated by 1 U mL™ thrombin is quantified (n = 4). (F) Same as D, except platelet surface expression of CD40L stimulated by 2 U mL™t
thrombin is quantified (n = 4). (G-1) Gel-filtered platelets prepared from ApoE~~ mice are stimulated by 0.1 U mL™* thrombin for 5 min. The levels of
PF4 (G), B-TG (H) and CCL5 (1) secretion from platelets are measured (n = 5). Data are expressed as the means + SEM. *P < 0.05, **P < 0.01 and ***P
< 0.001 as assessed by ANOVA followed by the Newman—Keuls test for multiple comparisons. NS, not significant difference.
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CD63 in the HFD mice when compared to the level of NC
mice, which was also significantly attenuated by CoQ10 sup-
plementation (Fig. 2E). However, we did not observe any sig-
nificant differences in platelet surface CD62P or CD63
expression in resting platelets among NC, HFD and
CoQ10 mice (Fig. S1A and 1Bf). Furthermore, 12-week CoQ10
supplementation markedly reduced thrombin-stimulated
platelet secretion of PF4, f-TG and CCL5 in mice fed on the
HFD (Fig. 2G-I). Additionally, HFD-increased plasma levels of
PF4, f-TG and CCL5 were also favorably attenuated by CoQ10
(Fig. S2A-2C%). Thus, these data demonstrate that the dietary
supplement of CoQ10 attenuates platelet aggregation and
granule secretion in ApoE™'~ mice.

3.3. CoQ10 supplementation inhibits platelet integrin aIlbf3
inside-out signaling

Platelet oIIbp3-mediated inside-out signaling results in the
activated olIIbf3 binding to its ligands (e.g., Fg, VWF, and fibro-
nectin), which is central to platelet aggregation and granule
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secretion.>*!
affects the interactions between Fg and oIIbf3 in ApoE
mice, soluble FITC-Fg binding to activated platelets was
measured (a typical assay for platelet alIbp3-mediated inside-
out signaling®?*?°). We found that 12-week CoQ10 sup-
plementation significantly inhibited the increased Fg-binding
caused by a HFD to thrombin-activated platelets (Fig. 3A and
B). Moreover, CoQ10 supplementation in HFD mice inhibited
JON/A binding to thrombin-activated platelets, an antibody
specific for the activated conformation of oIIbf3 in murine
platelets (Fig. 3C and D). This effect was not due to decreased
surface expression of integrin allb on platelets following
CoQ10 supplementation in mice because comparable levels of
allb were detected in HFD platelets by both flow cytometry
(Fig. 3E) and western blotting (Fig. 3F). No significant differ-
ence was observed in the percentage of soluble FITC-Fg or
JON/A binding to unstimulated platelets among NC, HFD and
CoQ10 mice (Fig. S1C and 1DfY). In addition, CoQ10 sup-
plementation did not affect plasma levels (Fig. S3A and 3Bf)

To investigate whether CoQ10 supplementation
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nor platelet expression levels of Fg and fibronectin (Fig. S3C-
3Ef). Therefore, CoQ10 supplementation inhibits platelet
allbp3 integrin inside-out signaling.

3.4. CoQ10 supplementation down-regulates platelet integrin
olIbf3 outside-in signaling

Platelet spreading on immobilized Fg and clot retraction are
primarily regulated by integrin allbf3-dependent outside-in
signaling.”” We further determined the role of CoQ10 sup-
plementation in platelet spreading on immobilized Fg and clot
retraction in ApoE~~ mice by using gel-filtered platelets. As
shown in Fig. 4, platelets exposed to immobilized BSA
remained discoid in NC, HDF and CoQ10 groups, while the
platelets exposed to immobilized Fg spread and the surface
area was significantly greater (Fig. 4A and B). Interestingly,
ApoE™~ mice fed a HFD had a profoundly enhanced surface
area of the spread platelets when exposed to immobilized Fg
which was significantly decreased by CoQ10 supplementation
(Fig. 4A and B). In addition, we found that CoQ10 treatment
ameliorated the enhanced clot retraction caused by a HFD
(Fig. 4C and D). Platelets from HFD mice were completely
retracted in 60 min, whereas platelets from CoQ10 sup-

Fibrinogen
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plemented ApoE™~ mice started retracting at 30 min and
reached about 40% by 60 min (Fig. 4C and D).

We have also further examined whether CoQ10 can directly
affect platelet oIIbp3 outside-in signaling. The effectors of
integrin alIbf3 outside-in signaling include phosphorylation
of a host of enzymes, adaptors, and cytoskeletal components
such as the sarcoma tyrosine-protein kinase family, $3-integrin
intracellular tail, etc.>” As shown in Fig. 4E and F, the phos-
phorylation of cellular and sarcoma tyrosine-protein kinase
(c-Src) and the p-integrin tail were minimal in platelets
exposed to BSA. However, this phosphorylation was markedly
increased when platelets were exposed to Fg (Fig. 4E and 4F).
CoQ10 supplementation significantly attenuated HFD-induced
phosphorylation of c-Src (Fig. 4E) and the p-integrin tail
(Fig. 4F) in platelets exposed to Fg. Myosin light chain (MLC)
is the downstream effector of alIbp3 outside-in signaling. The
phosphorylation of MLC on ser'® facilitates myosin interaction
with actin filaments, which is essential for platelet shape
change, spreading, granule secretion, and clot retraction.’” As
shown in Fig. 4G, CoQ10 supplementation markedly down-
regulated HFD-increased phosphorylation of MLC in platelets
exposed to Fg. Therefore, our data demonstrate that the
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dietary supplement of CoQ10 down-regulates platelet oIIbf3
outside-in signaling in ApoE™~ mice.

3.5. CoQ10 supplementation attenuates platelet-monocyte
aggregation

It has been shown that platelet integrin oIIbp3 outside-in sig-
naling can directly mediate atherosclerosis through forming
platelet-monocyte aggregates that promote monocyte acti-
vation and adhesion to the arterial endothelial cells, etc.?°>"3°
To investigate whether CoQ10 supplementation can decrease
platelet-monocyte interactions, activated platelets isolated
from NC, HFD, and CoQ10-supplemented ApoE~'~ mice were
incubated with leukocytes. Indeed, HFD mice showed signifi-
cantly enhanced platelet-monocyte aggregation, which was
markedly decreased by CoQ10 supplementation (Fig. 5).
Interestingly, similar to CoQ10 supplementation, tirofiban, a
specific aIIbB3 antagonist that can interfere with outside-in
signaling by preventing Fg binding to aIIbp3,*® also decreased
the elevated platelet-monocyte interactions in mice fed a HFD.
Importantly, in combination with tirofiban, CoQ10 did not
exhibit an additive or synergistic effect on platelet-monocyte
aggregation (Fig. 5), indicating that the inhibitory effect of
CoQ10 on platelet-monocyte aggregation was mainly mediated
by reducing the alIbf3 signaling.

4. Discussion

Hyper-reactive platelets possess a lower threshold for platelet
aggregation and activation, which triggers vascular inflam-
mation in both the early (i.e. atherosclerosis) and late
(i.e. thrombosis) stages of atherothrombosis."™® Additionally,
increased platelet reactivity is known to enhance the risk for

Food Funct.

CVDs.>*%°%5% Utilizing an atherosclerosis model in ApoE™"~
mice fed on a HFD, we identified that CoQ10 supplementation
alleviated the progression of atherosclerosis. CoQ10 down-
regulated platelet integrin olIbp3 signaling, leading to
decreased platelet spreading, clot retraction, platelet aggrega-
tion, and pro-inflammatory granule factor secretion, as well as
platelet-monocyte aggregation. Therefore, through attenuating
integrin olIlbp3 signaling and platelet hyper-reactivity,
CoQ10 may be a promising agent for the prevention and/or
slowing down the process of atherosclerosis and thus protect-
ing against CVDs.

Emerging evidence shows that platelet-mediated inflamma-
tory responses represent an important step in the process of
atherosclerosis.'**>?>! Platelet granule secretion is important
in platelet-mediated inflammation and also contributes to
atherosclerosis.*> We found that after 12 weeks, platelet
surface expression of CD62P, CD40L and CD63 was enhanced
in ApoE™'~ mice fed on a HFD; these increases were attenuated
in the CoQ10 treatment group. Platelet CD62P plays crucial
roles in mediating monocyte rolling by interacting with mono-
cyte P-selectin glycoprotein ligand-1 (PSGL-1), which acceler-
ates the progression of atherosclerosis.®® Platelet CD40L is also
a key mediator of platelet-induced inflammation in athero-
sclerosis by stimulating leukocyte activation and recruitment
and activation of endothelial cells.”* We additionally demon-
strated that 12-week CoQ10 supplementation decreased
plasma levels and platelet release of PF4, f-TG and CCL5 in
HFD mice. PF4 and B-TG are platelet-specific and are among
the most abundant platelet proteins secreted following acti-
vation.”® They can enhance platelet aggregation, trigger recruit-
ment of monocytes, promote monocyte activation and differen-
tiation, etc.®> Circulating CCL5 levels are also considered to
reflect platelet activation and secretion in vivo, although other
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cell types such as endothelial cells and macrophages can also
secrete it.*” CCL5 is also an important mediator of inflam-
mation in atherosclerosis because of its role in leukocyte
recruitment and activation.®® In the present study, CoQ10 sup-
plementation directly inhibited platelet CCL5 release following
thrombin stimulation of gel-filtered platelets prepared from
ApoE™~ mice fed on a HFD, indicating that decreased plasma
CCL5 levels may have been partially driven by inhibition of
platelet CCL5 secretion. To the best of our knowledge, this is
the first study to identify a relationship between CoQ10 and
platelet granule secretion in a model of atherosclerosis. Our
current data indicate that the inhibitory effects of CoQ10 on
platelet proinflammatory granule molecule secretion may at
least partially contribute to its attenuation of atherogenesis.

Platelet integrin olIIbp3 signaling plays vital roles in mediat-
ing platelet functions including platelet spreading, aggrega-
tion, granule release, etc.*"*®* Ligand binding to activated
integrin alIbp3 triggers a cascade of events that culminate in
the increased surface expression of adhesion receptors and
release  of  pro-inflammatory  cytokines/chemokines.*’
Engagement of aIIbp3 on platelets upregulates CD40L and trig-
gers CD40L-dependent matrix degradation by endothelial
cells, which is critical for accelerating the development of
atherosclerosis.®® Up-regulating integrin alIbp3 outside-in sig-
naling can result in increased platelet release of PF-4 and
CCL5.*° Our current study revealed that the dietary sup-
plement of CoQ10 down-regulated allbp3-mediated inside-out
and outside-in signaling in ApoE™'~ mice fed on a HFD, which
may result in the attenuation of platelet aggregation and
granule secretion. However, it is unclear how CoQ10 attenuates
allbp3 signaling during the process of atherosclerosis. It has
been shown that alIbf3 activation can be mediated by multiple
upstream pathways, including collagen-engaged GPVI signal-
ing, calcium mobilization, cAMP/PKA signaling, etc.°*®” We
recently demonstrated that CoQ10 attenuated platelet function
predominantly by up-regulating cAMP/PKA signaling, leading
to decreased platelet integrin oIIbpB3 outside-in signaling
in vitro and in dyslipidemic human patients.'®> Moreover, it has
been reported that CoQ10 acts physiologically as an electron
carrier in the mitochondria and an essential cofactor for ATP
production.” However, we recently showed that CoQ10 attenu-
ated platelet function was independent of platelet cellular ATP
synthesis or platelet mitochondrial metabolism, since CoQ10
treatment did not affect cellular ATP levels™® or alter the plate-
let mitochondrial membrane potential (Fig. S4t) in human
platelets in vitro. Whether the cAMP/PKA signaling and platelet
mitochondrial metabolism were modulated by CoQ10 sup-
plementation and involved an attenuation of atherosclerosis in
ApoE™~ mice fed on a HFD merit further investigation. Our
current data indicate that through down-regulating platelet
allbp3 signaling, CoQ10 can effectively attenuate HFD-induced
platelet hyperreactivity during the process of atherosclerosis in
ApoE~'~ mice.

It has been well established that the platelet-leukocyte
interactions actively contribute to the platelet-induced chronic
inflammatory processes, which facilitate the development of
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atherosclerotic lesions.®® Our results demonstrated that CoQ10
supplementation decreased HFD-enhanced platelet-monocyte
aggregation in ApoE™'~ mice. Platelet-monocyte interactions
can be mediated by: platelet alIbp3-Fg-monocyte aVf3, and
platelet GPIba-monocyte Mac-1, platelet P-selectin (CD62P)-
monocyte PSGL-1, platelet CD40L-monocyte CD40, etc.®® We
found that plasma and platelet expression levels of Fg
(Fig. S31) and platelet expression levels of aIIbp3 (Fig. 3) and
GPIba (Fig. $51) in ApoE™~ mice following feeding on a HFD
were all unaffected after 12 weeks of CoQ10 supplementation.
However, CoQ10 supplementation ameliorated the increased
soluble FITC-Fg binding and JON/A monoclonal antibody
binding to activated alIbp3 following HFD, indicating that
CoQ10 reduced ollbp3-mediated inside-out signaling. CoQ10
also down-regulated oIIbp3 outside-in signaling. These mecha-
nisms might directly contribute to the inhibition of platelet-
monocyte aggregation. This is further confirmed by our
finding that interfering with Fg-oalIbp3 interactions using a
specific oIlbp3 antagonist tirofiban, HFD-induced platelet-
monocyte aggregation was markedly inhibited. This result was
consistent with a report by Karshovska et al. who demon-
strated a critical role of platelet integrin alIbp3 signaling in the
modulation of platelet-monocyte interactions in atherosclero-
tic plaque development.***® Moreover, we also showed that
CoQ10 supplementation did not further decrease the inhibi-
tory effect of tirofiban, indicating that the attenuation of
allbp3 signaling by CoQ10 is necessary for its inhibitory role
in platelet-monocyte interactions. Additionally, reducing plate-
let surface CD62P and CD40L expression by CoQ10 may also
synergistically contribute to the decreased platelet-monocyte
aggregation. Thus, our data indicate that by down-regulating
platelet integrin olIbp3 signaling and attenuating granule
secretion, CoQ10 supplementation can inhibit platelet-mono-
cyte aggregates and attenuate the formation of atherosclerotic
lesions.

Previous studies indicated that CoQ10 inhibited athero-
sclerosis, which may be partially attributed to the ability of
CoQ10 to improve lipid profiles,® where the increased circulat-
ing oxidized low-density lipoprotein (ox-LDL) can trigger plate-
let hyperreactivity.”® Interestingly, there have been some con-
troversies regarding whether CoQ10 can improve lipid
profiles.””"”? Several clinical studies did not observe CoQ10
supplementation could decrease serum LDL levels in patients
with CVDs.”"”? Although our current study observed that
CoQ10 supplementation decreased plasma levels of LDL in
ApoE™~ mice fed on the HFD (Fig. S61), the inhibitory effects
of CoQ10 on platelet hyper-reactivity are unlikely caused by
decreasing LDL, because our in vitro studies using human gel-
filtered platelets, in the absence of lipoproteins, found that
agonist-induced platelet aggregation was inhibited by CoQ10
treatment.'”> Moreover, an attenuation of inflammatory
responses by CoQ10 supplementation may also contribute to
its alleviation of atherogenesis, since we observed that CoQ10
decreased HDF-enhanced CD68" macrophage and CD4" T cell
infiltration (Fig. S7A-7D7), arterial mRNA expression of
(Fig. S7E-7GY) and plasma levels of (Fig. S7H-7Jf) pro-inflam-
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matory factors including TNFa, IFNy and IL-6. It was pre-
viously shown that up-regulation of platelet integrin olIIbp3
outside-in signaling increased macrophage and T cell infiltra-
tion, and expression levels of pro-inflammatory factors in ather-
osclerotic lesions.*® Integrin allbf3 antagonists can reduce cir-
culating pro-inflammatory factors in patients with acute coron-
ary syndromes.”® Although currently unknown, it is possible
that CoQ10 down-regulated olIbf3-mediated signaling may par-
tially contribute to the alleviation of inflammatory responses,
which merits further investigation. It is conceivable that other
platelet-independent anti-inflammatory mechanisms mediated
by CoQ10 might be also involved in the process of atherosclero-
sis. Since CoQ10 could directly modulate the function of endo-
thelial cells and macrophages,'”">** which may synergistically
contribute to the attenuation of atherosclerotic lesion formation
via decreased inflammatory responses.

5. Conclusions

In conclusion, our current study provides the first direct link
between CoQ10 supplementation and platelet function during
the process of atherosclerosis in ApoE~~ mice. We demon-
strate that CoQ10 down-regulated platelet integrin olIbp3-
mediated signaling, leading to decreased platelet hyper-reactiv-
ity (e.g., platelet aggregation, granule secretion, and platelet-
monocyte aggregation). These effects of CoQ10 may profoundly
contribute to the alleviation of atherosclerotic lesion for-
mation. Since CoQ10 can also attenuate platelet hyper-reactiv-
ity in dyslipidemic human patients and inhibit thrombus for-
mation in mice,"® through controlling aberrant platelet acti-
vation, the dietary supplement of CoQ10 may be a promising
strategy for the protection against cardiovascular events (e.g:,
atherosclerosis and thrombosis).
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