Quercitrin inhibits platelet activation in arterial thrombosis
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Abstract

Background and Purpose: The ingestion of flavonoids has been reported to be associated with reduced cardiovascular disease
risk. Among flavonoids, quercitrin is the most common flavonoid in nature, and it exhibits anti-oxidant properties. How-
ever, it is unclear whether quercitrin plays a role in thrombogenesis. Experimental Approach: The anti-platelet effect of
quercitrin was assessed using platelet aggregation, granule secretion, calcium mobilization, integrin activation, and western
blot. Antithrombotic effect was determined in mouse using FeCl3-induced arterial thrombus formation in vivo and thrombus
formation on collagen-coated surfaces under arteriolar shear in vitro. Transection tail bleeding time was used to evaluate ad-
verse effects. Key Results: Quercitrin significantly impaired CRP- or U46619-induced platelet aggregation, granule secretion,
ROS generation, and intracellular Ca2+ mobilization. Outside-in signaling of oIIb33 integrin was significantly inhibited by
quercitrin in a concentration-dependent manner. The inhibitory effect of quercitrin resulted from inhibition of the GPVI- or
U46619-mediated phosphorylation of PLC and PI3K signaling during platelet activation. Further, the anti-oxidant effect is
derived from decreased phosphorylation of components of the TRAF4/p47phox/Hich axis signalosome. Oral administration
of quercitrin efficiently blocked FeCl3-induced arterial thrombus formation in vivo and thrombus formation on collagen-coated
surfaces under arteriolar shear in vitro, without prolonging bleeding time. Studies using a mouse model of ischemia/reperfusion-
induced stroke indicated that treatment with quercitrin reduced the infarct volume in stroke. Conclusions and Implications:

Our results demonstrated that quercitrin could be an effective therapeutic agent for the treatment of thrombotic diseases.

Abbreviations

CRP: collagen-related peptide; ROS: reactive oxygen species; GPVI: glycoprotein VI; PLC: phospholipase
C;PI3K: phosphoinositide 3-kinase; TRAF4: TNF receptor-associated factor 4; FeCls: ferric chloride

What is already know

e The ingestion of flavonoids has been associated with reduced cardiovascular disease risk.
e Quercitrin has anti-oxidant properties.

What does this study add

e Quercitrin effectively reduces the platelet thrombus formationin vivo and in wvitro, without inducing
bleeding.

e Oral administration of quercitrin has immediate benefits in thrombus formation and a mouse model of
ischemia/reperfusion-induced stroke.

What is the clinical significance
Quercitrin could be an effective therapeutic agent for the treatment of thrombotic diseases.

INTRODUCTION



The response of platelets to vascular damage is essential for hemostasis, whereas excessive platelet activation
leads to thrombotic vascular conditions such as stroke, myocardial infarction, and arterial thrombosis.(Yeung,
Li & Holinstat, 2018) In response to vascular injury, platelets rapidly adhere to immobilized adhesive proteins
such as von Willebrand factor and collagen, thereby triggering the activation and aggregation of platelets
and subsequent thrombus formation.(Furie & Furie, 2008) Collagen-induced platelet activation is initiated
by binding to the primary glycoprotein VI (GPVI) receptor. The signaling pathway is initiated by Src family
kinase-mediated phosphorylation of tyrosine residues associated with immunoreceptor tyrosine-based activa-
tion motif-containing FcRy chains.(Nieswandt & Watson, 2003) Subsequently, phospholipase Cy2 (PLCy2)
is activated by the signaling cascades involved in the recruitment and activation of spleen tyrosine kinase
(Syk), lymphocyte cytosolic protein 2 (SLP-76), Vavl, phosphatidylinositol 3-kinase (PI3K), and Bruton’s
tyrosine kinase (Btk). The tyrosine phosphorylation-based activation of PLCy2 eventually leads to intra-
cellular Ca?* accumulation, a marker of platelet activation and thrombus formation.(Munnix et al., 2005;
Varga-Szabo, Braun & Nieswandt, 2009) In addition, TNF receptor-associated factor 4 (TRAF4), as a bind-
ing partner of p47PP°* in NADPH oxidase 1 and 2 complexes, interacts with the intracellular sequences of
GPVI, thereby providing redox signaling pathways and a major source of reactive oxygen species (ROS)
generation in platelets.(Arthur et al., 2011) Further, TRAF4 associates with Hic-5 and Pyk2, which consti-
tutively interact with the Src family tyrosine kinase Lyn upon GPVI engagement, leading to propagation of
the GPVI signalosome and the recruitment and phosphorylation of Syk.(Arthur et al., 2011; Carrim, Walsh,
Consonni, Torti, Berndt & Metharom, 2014) Protein tyrosine phosphorylation has been widely accepted as
a central event in the regulation of GPVI signaling in platelets.

Previous studies illustrated that ROS levels are profoundly increased by GPVI stimulation in platelets,
whereas intracellular ROS levels do not actively change in response to G protein-coupled receptor (GPCR)
agonists such as thrombin and ADP.(Begonja et al., 2005; Krotz et al., 2002; Pignatelli, Pulcinelli, Lenti,
Gazzaniga & Violi, 1998) Upon GPVI stimulation, the production of ROS is crucial for propagation of the
GPVI signalosome, including PLCy2 activation, Ca?Tmobilization, granule secretion, and «IIb33 integrin
activation.(Begonja et al., 2005; Krotz et al., 2002; Pignatelli, Pulcinelli, Lenti, Gazzaniga & Violi, 1998)
Further, GPVI-mediated ROS production triggers the oxidative inactivation of cytosolic protein tyrosine
phosphatases (PTPs) including SH2 domain-containing tyrosine phosphatases 1 and 2 (SHP1 and SHP2),
thereby triggering tyrosine phosphorylation-dependent signal transduction.(Jang et al., 2014; Senis, 2013)
Therefore, an oxidative submembranous environment in activated platelets would potentially be controlled
by the coordinated action of protein tyrosine kinases and PTPs.(Jackson, Schoenwaelder, Yuan, Salem &
Cooray, 1996; Tonks & Neel, 1996) However, the underlying mechanism by which ROS regulate the GPVI

signaling cascade remains elusive.

A large epidemiological study conducted in the USA regarding the dietary prevention of cardiovascular
diseases indicated that thrombogenesis could be reduced by the quality and quantity of dietary fruits and
vegetables.(Pallazola et al., 2019; Yamamoto, Ijiri, Ikarugi, Otsui, Inoue & Sakariassen, 2018) Thus, in-
vestigating novel natural products and defining novel targets for the prevention of thrombogenesis became
important areas of cardiovascular disease research. Flavonoids are ubiquitous secondary metabolites pro-
duced under various environmental conditions in fruits and vegetables.(Hertog, Feskens, Hollman, Katan
& Kromhout, 1993) Flavonoids are primarily typified by the ability to inhibit enzymes, and they exhibit
a number of biological activities such as anti-oxidant and anti-inflammatory properties.(Panche, Diwan &
Chandra, 2016; Serafini, Peluso & Raguzzini, 2010) These activities could explain the beneficial effects of
flavonoid intake on a variety of human pathologies, including hypertension, inflammatory conditions, and
cardiovascular disease.(Comalada et al., 2005) Among the flavonoids, quercetin is the most common flavonoid
in nature, and it exists primarily in glycosylated forms such as quercitrin (3-rhamnoside).(Hertog, Feskens,
Hollman, Katan & Kromhout, 1993) Quercitrin is known to exhibit biological effects such as anti-oxidant,
anti-inflammatory, and anti-apoptotic activities.(Ma, Luo, Jiang & Liu, 2016; Zhi et al., 2016) The sugar
moiety of quercitrin usually increases its solubility in polar solvents, consequently resulting in improved
absorption.(Gee, DuPont, Rhodes & Johnson, 1998) Thus, quercitrin might be a more potent anti-oxidant
than quercetin because of its high bioavailability in the digestive tract.(Dai, Ding, Zhang, Cai & Li, 2013;



Jo et al., 2008) However, little is known about the biological properties of the glycoside form (quercitrin)
compared with the aglycone form (quercetin) because of the lack of commercial standards. Although a
variety of pharmacological activities of quercitrin have been studied,(Ma, Luo, Jiang & Liu, 2016; Zhi et
al., 2016) the mechanism underlying its potential inhibitory effects on platelet thrombus formation has not
been studied previously. Given that GPVI-mediated platelet activation is inhibited by anti-oxidant enzymes,
it is suggested that flavonoids are key negative regulators of GPVI-mediated signaling pathways via regu-
lating ROS scavenging. However, the role of flavonoids in GPVI-stimulated platelet activation is unclear.
Therefore, the present study aimed to clarify the anti-platelet activity of quercitrin.

In the present study, we demonstrated that quercitrin inhibits thrombus formation in vivo and in wvitro

Quercitrin specifically inhibits platelet activation and aggregation induced by collagen-related peptide
(CRP) and U46619. Using biochemical approaches, we revealed that quercitrin acts as a negative regulator
of the GPVI-mediated signalosome, probably dependently of GPVI-mediated ROS generation. Further, the
anti-oxidant effect of quercitrin is probably derived from the decreased phosphorylation of components of
the TRAF4/p47Pho% /Hich signalosome. Studies using a mouse model of ischemia/reperfusion-induced stroke
indicated that quercitrin plays a crucial role in stroke-induced brain damage. The tail bleeding time was not
significantly higher in quercitrin-treated mice than in control mice. These results demonstrate that quercitrin
can potentially exert anti-platelet and antithrombotic effects without affecting hemostasis. Hence, quercitrin
could be an effective therapeutic agent for the treatment of thrombotic diseases.

METHODS
Extended methods are given in the Supplement Method.

Statistical analysis. Data analysis was performed using GraphPad Prism 5. Statistical significance was
assessed by ANOVA and Tukey’s test or Dunnett’s test for comparisons of multiple groups or Student’s ¢-
test for comparisons of two groups. A P value less than 0.05 was considered significant.

RESULTS
Platelet aggregation and ATP secretion are inhibited by treatment with quercitrin

To investigate the effects of quercitrin on platelet function, we first examined platelet aggregation. Stimula-
tion with various agonists including CRP (0.1 yg/ml), U46619 (3 uM), collagen (1 pg/ml), thrombin (0.025
U/ml), and ADP (2.5 pM) led to significant increases in platelet aggregation (Figure 1). Compared with
the findings for the vehicle control, quercitrin blocked platelet aggregation induced by intermediate concen-
trations of CRP ([?] 0.1 ug/ml), U46619 ([?] 3 uM), and collagen ([?] 1 pg/ml) (Figure 1A-1C), whereas
such findings were not found for thrombin ([?] 0.025 U/ml) and ADP stimulation ([?] 2.5 uM) (Figure
1D and 1E). Although platelet aggregation was inhibited in the presence of quercitrin upon CRP, U46619,
and collagen stimulation, it is possible that the residual activity can overcome when high concentration of
agonists ([?] 0.5 ug/ml CRP, [?] 2.5 pg/ml Collagen, and [?] 10 uM U46619, Figure S1). Similar findings
were observed in mouse platelets (Figure S2). These results imply that quercitrin exhibits an important
effect on the activation of GPVI signaling, although it does not completely block this pathway. A previous
study revealed that flavonoids could bind to plasma proteins.(Wright, Spencer, Lovegrove & Gibbins, 2013)
Therefore, the effect of quercitrin on platelet activation using PRP was also investigated in comparison with
that in washed platelets. We observed that collagen ([?] 1 pg/ml)-stimulated platelet aggregation in PRP
was diminished by quercitrin in a concentration-dependent manner similar to the effects of washing platelets
(Figure 1F). Consistent with the previous report, CRP stimulation did not induce platelet aggregation in
PRP compared with the findings in washed platelets (data not shown). These results suggest that plasma
proteins do not influence the effects of quercitrin on platelet aggregation. To further confirm our findings,
we examined ADP secretion. In these experiments, CRP, U46619, and collagen also induced [?] 3-fold
increases in ADP secretion compared with the control findings (Figure 1A(ii)-1D(ii)). Compared with the
results for vehicle-treated platelets, quercitrin-treated platelets exhibited significant defects in ATP secre-
tion induced by CRP (0.1 pg/ml), U46619 (3 uM), and collagen (1 pg/ml) but not by thrombin (Figure
1A(i1)-1D(ii)). These results indicate that quercitrin could regulate platelet aggregation and ATP secretion



through a signaling pathway induced by both CRP and U46619, but its effects are distinct from those of
thrombin.

Xvepgitpwy eENPBite pumopTavt €p@ect ov Il-cehegtiv e§nocupe avd alIBB3 wieyply o-
CTLATIOV POANOWLVY XLYOVIOT CTLLUAXTIOV

Next, we investigated the effects of quercitrin on P-selectin exposure and olIbB3 integrin activation, which
are key processes driving the positive feedback cycle of platelet activation. Because quercitrin prevented
platelet aggregation and ADP secretion induced by CRP and U46619 stimulation, we examined P-selectin
exposure and olIbB33 integrin activation using CRP (0.1 pg/ml) or U46619 (3 uM). Following 10 minutes of
pre-incubation, quercitrin significantly inhibited CRP- or U46619-induced P-selectin exposure (Figure 2A
and 2C) and oIIbB3 integrin activation (Figure 2B and 2D) in a concentration-dependent manner (10, 20,
and 30 pM), whereas quercitrin failed to block the effects of thrombin stimulation (Figure S3). These results
suggest that quercitrin selectively inhibits platelet activation through effects on granule secretion and olIb(33
integrin activation.

Quercitrin potently inhibits Ca?*mobilization

The underlying mechanism of Ca?T mobilization in the cytosol is crucial for platelet activation involving
granule secretion and oIIbf33 integrin activation.(Stefanini, Roden & Bergmeier, 2009) We examined whether
quercitrin affects Ca?t mobilization during platelet activation. We found that compared with the findings
in vehicle-treated platelets, quercitrin significantly inhibited intracellular Ca2* release induced by CRP and
U46619 stimulation in a concentration-dependent manner (10, 20, and 30 pM) (Figure 3A and 3B). In
addition, Ca?* influx induced by CRP was significantly reduced in quercitrin-treated platelets. However,
quercitrin did not affect store-operated Ca®*entry (SOCE) induced by U46619 stimulation (Figure 3B). These
results suggest that quercitrin inhibits intracellular Ca?*release and SOCE induced by CRP stimulation, but
its effects are distinct from those of U46619 stimulation.

The selective effects of quercitrin on GPVI-induced ROS generation in human platelets

Quercitrin is already known to demonstrate free radical scavenging activity;(Li, Jiang, Wang, Liu & Chen,
2016) however, the precise effects of quercitrin on platelet activation are unclear. Therefore, we studied
the anti-oxidant effects of quercitrin during the recruitment of platelets induced by CRP stimulation. To
determine whether platelet agonists induce ROS (H20O2) generation, we first measured intracellular ROS
levels via flow cytometry using fluorescent DCFH-DA as a probe. Because quercitrin-treated platelets were
selectively defective for CRP- and U46619-induced platelet aggregation and ATP secretion (Figure 1), hu-
man platelets were stimulated with CRP (0.1 pg/ml), U46619 (3 uM), or thrombin (0.025 U/ml). Consistent
with the aforementioned results, quercitrin treatment selectively inhibited CRP- or U46619-induced intra-
cellular ROS generation (Figure 4A and 4B) relative to the findings in the vehicle controls, whereas the
compound exhibited no effects on thrombin-induced ROS generation (Figure S4). These results suggest that
the inhibition of intracellular ROS generation is selectively important for the effects of quercitrin on platelet
activation. To further examine whether quercitrin alters HoOo accumulation in the extracellular space, we
measured extracellular ROS levels using the Amplex Red assay.(Wojtala, Bonora, Malinska, Pinton, Duszyn-
ski & Wieckowski, 2014) Compared with the findings for the vehicle control, quercitrin treatment decreased
extracellular HoO4 levels in response to CRP stimulation in a concentration-dependent manner (Figure 4C).
These results suggest that quercitrin regulates ROS generation, which could be important for its inhibitory
effects on platelet activation.

Effects of quercitrin on platelet spreading

Upon ligand binding to aIIbB3 integrin, it mediates outside-in signaling events involved in platelet spreading,
thrombus contraction, and clot retraction.(Lee, Fong, King, Brass & Hammer, 2012) Therefore, we examined
whether outside-in signaling events are affected by quercitrin using the platelet spreading assay (Figure 5).
We found that vehicle- and quercitrin-pretreated platelets adhered to and spread on immobilized fibrinogen
(FG) during the 2-hour incubation (Figure 5A). However, the number of adherent platelets was signifi-



cantly inhibited by quercitrin treatment in a concentration-dependent manner (Figure 5B). The spreading
of platelets was also reduced by approximately 1.5-fold in quercitrin—pretreated platelets compared with the
findings for vehicle platelets (Figure 5C). No differences in lamellipodial actin assembly and surface coverage
were observed between vehicle- and quercitrin-treated platelets spread on FG-coated surfaces (Figure 5A
and 5D). These results suggest that the effects of quercitrin are likely limited to initial platelet adhesion to
the FG-coated surface, and these effects occur through the regulation of the ligand-binding activity of alIb33
integrin.

Quercitrin induces the downregulation of GPVI signaling events and modulates the contribu-
tion of TxA, signaling in human platelets

Since quercitrin significantly reduced platelet aggregation and ATP secretion following CRP stimulation,
we investigated the mechanism by which quercitrin regulates CRP-induced GPVT signaling, which activates
numerous kinases including Syk, PLCy2, PI3K, and AKT. To match the experimental condition with platelet
aggregation assays, human platelets were stimulated with CRP (0.1 pg/ml) under stirring conditions in an
aggregometer and lysed immediately after 5-minute progress. We found that Syk, PLCy2, PI3K, and AKT
were phosphorylated after CRP stimulation in vehicle-pretreated platelets, whereas quercitrin significantly
reduced the phosphorylation of Syk, PLCvy2, PI3K, and AKT following CRP stimulation in a concentration-
dependent manner (Figure 6A and 6B). Since quercitrin impaired TxAg-induced platelet aggregation and
TxA, reflects the response to collagen-mediated human platelet aggregation,(Cho et al., 2003) we also
studied whether quercitrin modulates platelet activation following TxAs stimulation. The phosphorylation
levels of PLCB3, PI3K, and AKT were elevated in U46619-activated control platelets with stirring, but
the phosphorylation patterns were markedly diminished by quercitrin in a concentration-dependent manner
(Figure 6C and 6D). These results suggest that quercitrin regulates both GPVI-and TxA2-mediated platelet
signaling, thereby regulating platelet activation.

Quercitrin regulates GPVI-mediated platelet activation via PTPs activation

Previous research demonstrated that intracellular ROS participate in the regulation of protein tyrosine phos-
phorylation by oxidizing the catalytic cysteine residues of PTPs (SHP1, SHP2, and PTEN), which play a
negative regulatory role in GPVI-mediated platelet activation.(Jang et al., 2014; Senis, 2013) Since quercitrin
serves as an antioxidant, we next examined whether quercitrin affects the activation of PTPs during platelet
activation. We found that the phosphorylation levels of SHP1, SHP2, and PTEN were increased in CRP-
activated vehicle—pretreated platelets, whereas their phosphorylation was abrogated by quercitrin treatment
in a concentration-dependent manner (Figure 6E and 6F). These results suggest that ROS generation upon
GPVI stimulation leads to PTP inactivation and promotes tyrosine phosphorylation-based signal transduc-
tion, whereas quercitrin, as an anti-oxidant, scavenges ROS and promotes PTP dephosphorylation, thereby
reducing GPVI-mediated platelet activation.

Quercitrin alters focal adhesion tyrosine kinase phosphorylation during GPVI-dependent platelet
activation

Since the presence of TRAF4/p47Ph°* /Hich complex associated with the platelet collagen receptor facil-
itates GPVI-dependent ROS formation,(Carrim, Walsh, Consonni, Torti, Berndt & Metharom, 2014) we
determined whether quercitrin could affect the interaction of GPVI and TRAF4 during platelet activation.
We found that the binding of TRAF4 to GPVI was not changed in CRP-activated platelets in the presence or
absence of quercitrin, whereas TRAF4 phosphorylation was abrogated in quercitrin-treated platelets (Figure
6G and 6H). Further, because the association of TRAF4 with p47PP°*(NADPH oxidase organizer subunit)
and Hich (which is constitutively bound to Syk and Lyn upon GPVI engagement) is involved in GPVI-
dependent ROS generation,(Arthur et al., 2011) we also examined the phosphorylation levels of p47P"°* and
Hic5. We found that the phosphorylation levels of p47PP°* and Hic5 were significantly reduced by quercitrin
following CRP stimulation (Figure 61 and 6J). These results suggest that quercitrin does not affect the bind-
ing of TRAF4 to GPVI, but it impairs the phosphorylation of members of the TRAF4/p47PP°* /Hich complex
associated with the platelet collagen receptor, thereby regulating ROS generation and GPVI-mediated sig-



naling.
Quercitrin inhibits thrombus formation on collagen-coated surfaces under arteriolar shear

To assess the effects of quercitrin on in vitro thrombus formation, a flow chamber assay was performed
under arteriolar shear (1,000 s™'). In this experiment, the amount of quercitrin administrated was based on
a previous finding.(Ma, Luo, Jiang & Liu, 2016) Blood drawn from vehicle-treated mice exhibited widespread
coverage with densely packed platelet thrombi on collagen surfaces (Figure 7A). Conversely, blood drawn from
quercitrin-treated mice displayed markedly reduced surface coverage (Figure 7B). Moreover, as determined
by confocal microscopy, the volume of quercitrin-treated platelet thrombi was significantly lower than that
of vehicle-treated platelet thrombi (Figure 7C). These results indicate that the dietary administration of
quercitrin inhibits platelet adhesion and aggregation on collagen-coated surfaces under arteriolar shear.

Quercitrin inhibits in vivo FeClz-induced thrombus formation but not hemostasis.

Due to the potent inhibitory effect of quercitrin on platelet function, we further hypothesized that quercitrin
possesses anti-thrombotic properties. The potential effect of quercitrin on platelet thrombus formation in
vivo was investigated via FeCls-induced carotid artery thrombi, and the time to arterial occlusion was
monitored. Carotid occlusion in the control mice occurred at a mean of 7.68 + 2.19 minutes, whereas in the
administration of quercitrin extended the carotid occlusion time to 12.13 £ 3.49 (50 mg/kg, BW) or 14.65
+ 2.51 (100 mg/kg, BW) minutes (Figure 7D). We further examined whether the dietary administration
of quercitrin influences hemostatic function. Tail bleeding times were measured by the cessation of bleeding
after tail amputation. We observed no statistical differences in tail bleeding time between the quercitrin
and control groups (Figure 7E). These results suggest that quercitrin inhibits arterial thrombosis but not
hemostasis in vivo .

Quercitrin contributes to the pathogenesis of cerebral ischemia/reperfusion injury

Since quercitrin impaired GPVI-mediated platelet activation and genetic and pharmacologic approaches
revealed the critical role of GPVI in the pathogenesis of cerebral ischemia/reperfusion injury,(Stegner, Klaus
& Nieswandt, 2019) we examined the effect of quercitrin using a murine model of brain injury induced by
middle cerebral artery occlusion and reperfusion. Middle cerebral artery occlusion led to neurological deficits
as assessed using the Neurological deficit score test, as well as infarction. However, quercitrin (50 or 100
mg/kg, BW) dose-dependently reduced the infarct volume (Figure 8A and 8B) and ameliorated neurological
behavior disorder (Figure 8C) compared with the finding in control mice. These results support the protective
effects of quercitrin against stroke-induced brain damage.

DISCUSSION

A better understanding of the relationship between flavonoids and platelet function could lead to improved
strategies for treating cardiovascular diseases. In this study, we characterized quercitrin, a dietary flavonoid
with various pharmacological activities that is widely distributed in nature.(Ma, Luo, Jiang & Liu, 2016;
Muzitano et al., 2006; Sanchez de Medina, Vera, Galvez & Zarzuelo, 2002; Zhi et al., 2016) Although querci-
trin exhibits weaker effects on the inflammatory response and platelet activation in vitro than quercetin, the
beneficial effects of quercitrin have not been reproduced in vivo .(Comalada et al., 2005) Indeed, quercetin is
not well absorbed through the intestines, and thus, its plasma levels are not sufficient for inhibiting platelet
function.(Crespy, Morand, Manach, Besson, Demigne & Remesy, 1999; Hubbard, Wolffram, Lovegrove &
Gibbins, 2004) Further, previous studies did not explore the mechanism by which quercitrin inhibits platelet
activation. In this study, we demonstrated that quercitrin can inhibit platelet aggregation and prevent pla-
telet thrombus formation by suppressing GPVI-mediated signaling and ROS generation. However, platelet
activation induced by the GPCR, agonist thrombin was not inhibited by quercitrin, indicating that quercitrin
inhibits platelet function via GPVI-dependent signaling pathways.

Although a variety of agonists can induce strong platelet aggregation, collagen only substantially stimulated
ROS generation in platelets, in accordance with other observations.(Caccese et al., 2000; Krotz et al., 2002)



The binding of collagen to GPVI induced the activation and phosphorylation of PLCy via numerous tyro-
sine phosphorylation steps. The inhibition of tyrosine kinases prevented collagen-dependent ROS generation.
However, this finding cannot fully explain the observation that only collagen induced an increase of ROS
generation, as thrombin is also known to induce the phosphorylation of tyrosine kinases.(Coughlin, 2001;
Zielinski, Wachowicz, Saluk-Juszczak & Kaca, 2001) Recent findings demonstrated that TRAF4 directly
binds to the cytoplasmic tail of GPVI, thereby providing a mechanism of NADPH oxidase activation(Arthur
et al., 2011). Further, pd7Phox the cellular subunit of NADPH, binds to TRAF4, which constitutive in-
teracts with Syk and Lyn upon GPVI engagement, thereby activating redox signaling pathways.(Arthur
et al., 2011) In our experiments, quercitrin substantially abolished the phosphorylation of members of the
TRAF4/p47Ph% /Hich complex without affecting the interaction between TRAF and GPVI (Figure 6G-6J),
suggesting that quercitrin may be a negative regulator of activation of the TRAF4/p47Ph* /Hic5 complex
during GPVI-mediated platelet activation. Thus, this finding could explain the differences in ROS generation
between the distinct platelet activation pathways mediated by GPVI and PARs. However, we could not rule
out the possibility that a low concentration of thrombin can induce phosphorylation of kinases but may not
be reached the increase of platelet ROS generation.

Additionally, we observed that quercitrin markedly diminished platelet aggregation and ROS generation
not only evoked by CRP stimulation but also by U46619 stimulation in a concentration-dependent manner
(Figure 1 and 4). These results are consistent with the effects of the TxAs-induced thromboxane receptor
(TP)-ROS signaling pathway,(Muzaffar, Shukla, Lobo, Angelini & Jeremy, 2004) and the binding of TxAs
to TP on platelets induces PLC activation and stimulates inositol 1,4,5-triphosphate and diacylglycerol
production, resulting in increased intracellular Ca?*accumulation and ROS generation.(Moers et al., 2003;
Offermanns, 2006) Therefore, it appears that quercitrin inhibits TxAs-mediated NADPH oxidase activation
and that TxAs-mediated platelet aggregation is also influenced by ROS generation, which is crucial for
positive feedback related to platelet activation. However, the relevance of TP-mediated ROS signaling to
the pathophysiological actions of TxAs requires further investigation.

A number of flavonoids have been demonstrated to inhibit various active pathways, likely through the
inhibition of tyrosine and lipid kinases involved in platelet responses.(Benavente-Garcia & Castillo, 2008;
Wright, Spencer, Lovegrove & Gibbins, 2013) Since quercitrin inhibited CRP-induced platelet aggregation
and activation, we also investigated the activation of GPVI signaling proteins. CRP-mediated GPVI signaling
induces tyrosine phosphorylation of the Fc receptor y-chain by Fyn and Lyn, which allows the assembly of Syk
and subsequent formation of a complex among LAT, SLP-76, PI3K, PLCy2, and Btk, leading to activation of
the signaling molecules.(Nieswandt & Watson, 2003; Varga-Szabo, Braun & Nieswandt, 2009) In particular,
PIP3 produced by PI3K is necessary for the membrane translocation and full activation of PLCy2 during
GPVI-mediated signaling.(Bobe et al., 2001; Watanabe et al., 2003) We found that the phosphorylation
of GPVlI-activated signaling proteins such as Syk, PLCy2, PI3K, and AKT was dramatically diminished
in a concentration-dependent manner by quercitrin (Figure 6A and 6B). However, their phosphorylation
was not changed by other agonists such as thrombin and ADP (data not shown). These data suggest that
quercitrin can influence the immediate effectors within the GPVI signaling pathway, which do not participate
in activation mechanisms stimulated by other agonists.

Protein tyrosine phosphorylation has been widely accepted to exhibit a central role in the GPVI signaling
pathway, and tyrosine phosphorylation has been considered to be controlled by the reconciled action of
protein tyrosine kinases and PTPs including SHP1, SHP2, and PTEN.(Senis, 2013) Thus, PTPs are con-
sidered important regulators of GPVI-mediated signal transduction. Recent studies indicated that ROS are
important for the conformational change-mediated inactivation of PTPs, thereby leading to the phospho-
rylation of immunoreceptor tyrosine-based inhibition motif-containing receptors.(Senis, 2013) However, we
found that the phosphorylation levels of PTEN, SHP1, and SHP2 were reduced by quercitrin, and these
changes were correlated with GPVI-mediated signal transduction (Figure 6E and 6F). Thus, consistent with
a previous report demonstrating the importance of ROS to PTP activation during platelet activation,(Jang
et al., 2014) these findings provide evidence that quercitrin regulates ROS-mediated PTP signaling pathways.
We speculate that quercitrin modulates an early stage of GPVI-mediated signal transduction, whereas ROS



participate in a later stage of the feedback cycle of platelet activation by inactivating PTP. Although the
detailed mechanisms remain to be elucidated, our results suggest that ROS generation and kinase activity
are mutually regulated.

Overall, our studies provide mechanistic insight into the novel effects of quercitrin on platelet function and
ROS generation upon GPVI-mediated platelet activation. Thus, our results provide evidence that quercitrin
may be a novel therapeutic agent for the treatment of thrombotic diseases.
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FIGURE LEGENDS

Figure 1. Inhibitory effect of quercitrin on platelet aggregation and ATP secretion following
stimulation with numerous agonists. Washed platelets were preincubated with various concentrations
of quercitrin (10, 20, and 30 pM) for 5 minutes at 37°C and then stimulated with 0.1 yg/ml CRP (A), 3 uM
U46619 (B), 1 pg/ml Collagen (C), 0.025 U/ml thrombin (D), and 2.5 uM ADP (E). Similarly, the effect of
quercitrin on PRP was analyzed following stimulation with 1 ug/ml Collagen (F). Aggregation was measured
for 5 minutes at 37°C under constant stirring (1,000 rpm) conditions in a platelet aggregometer (Chrono-Log).
In the ADP-induced aggregation assay, 30 pug/ml of human FG was added to the platelet suspension before
ADP stimulation. The representative aggregation traces were obtained from three independent experiments.
(i) Platelet aggregation and quantitative graphs. Data represent the mean + SD (n = 3). In the ADP
secretion, washed platelets were preincubated with various concentrations of quercitrin (10, 20, and 30 uM)
for 5 minutes at 37°C before adding a luciferin/luciferase reagent. After the luciferin/luciferase reagent added,
platelets were stimulated with 0.1 ug/ml CRP (A), 3uM U46619 (B), 1 ug/ml Collagen (C), and 0.025 U/ml
thrombin (D). (ii) ATP secretion was measured using a luminometer. Data represent the mean £ SD (n =
3). *:P<0.05, **:P<0.01, and ***:P<0.001 versus vehicle control after ANOVA and Dunnett’s test.

Figure 2. Quercitrin modulates oIIBB3 wwreyply agtiatiov avd II-ceiegTtiv eEnocupe dupivy
nAateAet agTiatiov. The inhibitory effect of quercitrin on CRP or U46619 induced olIbf33 integrin
activation (A and C) and P-selectin exposure (B and D) was measured by flow cytometry. Washed human
platelets were pre-treated with various concentration of quercitrin (10, 20, and 30 puM) for 5 minutes at
37°C and stimulated with 0.1 ug/ml CRP (A and B) or 3 uM U46619 (C and D). Binding of anti-activated
olIbB3 (JON/A) and anti-P-selectin antibodies to platelets was calculated by the ratio of the geometric mean
fluorescence intensity (MFI) value of antibodies to that of control IgG. Data represent mean + SD (n = 3).
*P<0.05, **:P<0.01, and ***:P<0.001 versus vehicle control after ANOVA and Dunnett’s test.

Figure 3. Quercitrin regulates Ca?tmobilization during platelet activation. Human platelets were
resuspended in HEPES-Tyrode buffer without 1 mM CaClsand preincubated with various concentrations
of quercitrin (10, 20, and 30 uM) for 5 minutes at 37°C and incubated with a calcium-sensitive dye for 30
minutes at 37°C in the dark. After treatment with a Ca* dye, platelets were stimulated with 0.1 pg/ml
CRP (A) or 3 uM U46619 (B) for 10 minutes and 2 mM CaCl, was then added. Intracellular Ca?T release
(i) and influx (ii) were measured and quantified by the AUC (arbitrary units). Quantitative data represent
the mean £+ SD (n = 3). *:P<0.05 and **:P<0.01 versus vehicle control after ANOVA and Dunnett’s test.



Figure 4. Quercitrin modulates intracellular and extracellular H, O, following agonist stimu-
lation.Vehicle control (0.02% DMSO) and quercitrin (10, 20, and 30 pM) were incubated with HoDCFDA
and stimulated with 0.1 pg/ml CRP (A) or 3 uM U46619 (B). DCF fluorescence was measured using flow
cytometry and is quantified as mean + SD (n = 3). *:P<0.05 versus vehicle control after ANOVA and
Dunnett’s test. Extracellular HoO5 levels were measured in CRP-stimulated platelets using the Amplex Red
assay (C). The fluorescence signal was measured by a microplate reader and is quantified as mean £+ SD (n
= 3). **:P<0.01 and ***:P<0.001 versus vehicle control after ANOVA and Dunnett’s test. ###:P<0.001
between resting and stimulated control group.

Figure 5. The inhibitory effect of quercitrin on platelet spreading on immobilized fibrinogen.
Human platelets, 8 x 10% platelets in 0.4 ml, were pre-treated with various concentrations of quercitrin
(10, 20, and 30 uM) or vehicle control (0.02% DMSO) and incubated on FG-coated surfaces for 2 hours at
37°C. Adherent and spread platelets were stained with rhodamine-conjugated phalloidin. (A) Representative
images. Bar = 10 pm. (B) Number of adherents (but not spread, gray bars) and fully spread (white bars).
Platelet spreading was analyzed by the surface area (C) which was measured by the number of pixels divided
by the number of platelets (D) in the field. *:P<0.05, **:P<0.01, and ***:P<0.001 versus vehicle control
after ANOVA and Dunnett’s test. Data represent mean + SD (n = 5).

Figure 6. Quercitrin plays a crucial role in the GPVI-mediated signalosome. Human platelets
were pre-treated with various concentrations of quercitrin (10, 20, and 30 uM), and stimulated with 0.1 pg/ml
CRP (A, E, and I) or 3 uM U46619 (C) under stirring conditions (1,000 rpm) in an aggregometer. An equal
amount of cell lysate protein (30 yg) was immunoblotted, followed by densitometry (arbitrary unit (AU)).
Representative blots (A, C, E, and I). Quantitative graphs (B, D, F, and J). (G-H) Human platelets were
stimulated by 0.1 ug/ml CRP for 5 minutes under stirring conditions. The lysates were immunoprecipitated
with control IgG or antibodies against GPVI or 4G10, followed by immunoblotting and densitometry (n
= 3). Data represent the mean + SD (n = 3-4). ***:P<0.01 versus vehicle control (unstimulated) after
Student’s ¢ -test, and #:P<0.05, #+#:P<0.01 and ###:P<0.001 versus vehicle control (stimulated) after
ANOVA and Turkey’s test.

Figure 7. Role of Quercitrin in thrombus formation and tail bleeding time. Blood drawn from
vehicle or quercitrin (50 or 100 mg/kg, BW) treated mice were perfused over collagen-coated surfaces at a
wall shear rate of 1000 s™! for 1 minute through the chamber. Adherent thrombi were stained with rhodamine-
conjugated phalloidin and analyzed as described in Method. (A) Representative images. Bar = 10 ym. (B)
Surface coverage and (C) thrombus volume were measured and presented as mean £ SD (n = 3). (D)
FeCls-induced arterial thrombus formation was performed as described in Methods. Mouse carotid artery
was isolated and treated with 10% FeCls for 2 minutes, and blood flow traces were monitored until stable
occlusion took place using a blood flowmeter. (E) Tails of vehicle or quercitrin treated mice were amputated,
and bleeding time was monitored as described in Methods. Horizontal bars represent the median of occlusion
and bleeding times for each group of animals (n = 10). *:P<0.05 and ***:P<0.001 versus vehicle control
after ANOVA and Dunnett’s test.

Figure 8. Quercitrin is important for cerebral ischemia/reperfusion injury in vivo.

Cerebral ischemia/reperfusion injury was induced as described in Methods. (A) Representative pictures of
brain sections stained with 2,3,5-triphenyl tetrazolium chloride. (B) The infarct volume was measured by
Image J. (C) The Neurological deficit score test was used to analyze neurological behavior disorder in the
surviving animals 24 hours after MCAQO and reperfusion. Neurological findings were scored in a 5-point scale
as follows: no neurological deficit=0, failure to extend right forepaw fully=1, circling to the right=2, falling
to extend right=3 and no spontaneous walking with a depressed level of consciousness=4. The bars represent
the median of the interquartile range for each group of animals (n = 5). *:P<0.05 and ***:P<0.001 versus
vehicle control after ANOVA and Turkey’s test.
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