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ARTICLE INFO ABSTRACT

Aims: Hydrogen (H,) has antioxidant effects. The pharmacologic function of H, in platelets is not yet clear.
Therefore, in this study we sought to investigate the inhibitory effects of H; on in vitro platelet activation and in
vivo prevention of thrombus formation.

Main methods: After platelets were incubated with H,-rich saline (HRS), platelet adhesion in whole human blood
was assessed in fibrinogen-coated perfusion chambers, while rat platelet aggregation induced by ADP, collagen
and H,0, was detected through light transmission aggregometry. The level of P-selectin, thromboxane B,, nitric
oxide (NO), malondialdehyde, reactive oxygen species (ROS), cGMP, extracellular signal-regulated kinases 1 and
2 (p-ERK1/2), and fibrinogen binding to platelets were evaluated in vitro. Besides, the in vivo effects were
examined in arterio-venous shunt thrombosis, FeClz-induced artery thrombus formation, and tail bleeding time
in mice and rats.

Key findings: HRS prolonged tail bleeding time in mice and rats, decreased thrombus weight and prolonged the
time to occlusion in rat and mouse thrombosis models in vivo and inhibited platelet adhesion as well as ag-
gregation in vitro. Additionally, HRS decreased P-selectin expression, release of thromboxane B,, ROS, and
fibrinogen binding, but enhanced NO levels in H,O»-exposed platelets. HRS also decreased malondialdehyde
levels in plasma of the rat arterial thrombosis or H,O,-exposed platelet model. Moreover, HRS increased cGMP
level, decreased p-ERK1/2 (diminished with KT5823) in the platelets stimulated by H,O5.

Significance: These results suggest that H, has antithrombotic effects, which may be due to its antioxidant
property and subsequent inhibition of platelet activation via NO/cGMP/PKG/ERK pathway.
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1. Introduction

Thrombosis in cerebral or coronary arteries is the most frequent
cause of morbidity and mortality worldwide. Thus, prevention and
treatment of thrombotic disorders are of global importance [1]. Plate-
lets exert a crucial role in thrombus formation after blood vessel injury.
Platelets recruit additional platelets, adhere to the injured vascular

walls, and are activated. Then, the activated platelets make con-
formational changes in the platelet glycoprotein IIb/Illa (integrin
allbB3). Subsequently, platelet aggregation may be formed, which is
regulated by interaction between glycoprotein IIb/Illa and fibrinogen
or von Willebrand factor. Finally, an increasing number of platelets is
recruited and a platelet-rich thrombus is formed [2,3]. In contrast,
endogenous inhibitors such as prostacyclin and nitric oxide (NO) limit
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platelet activation in vivo [2].

Studies have shown that many cardiovascular diseases are linked to
an excessive activation of platelets [4]. Increasing evidence has in-
dicated that reactive oxygen species (ROS), either exogenous or pla-
telet-derived, could modulate platelet activity [5]. The release of ROS
from both resting platelets and oxidative stress or agonist-stimulated
platelets was reported, which includes the superoxide anion, -OH, and
hydrogen peroxide (H,0,) [6,7]. Supplementation with antioxidants,
such as vitamin C and vitamin E has been reported to inhibit platelet
aggregation and benefit cardiovascular diseases via their antioxidant
activity [8,9].

As the lightest and most abundant chemical element, hydrogen (H,)
is considered a novel antioxidant [10,11], and has come to the forefront
of therapeutic medical gas research. At present, kinetics of hydrogen
have been studied in human and mice. In the human body, endogenous
H, is mainly produced by the anaerobic bacteria via hydrogenase in the
large intestine, which may spread to the whole body, and is excreted
through the intestines, lungs and skin [12]. In mice, after an aqueous
H,-containing solution, Hy-rich saline (HRS), was injected in-
traperitoneally, the hydrogen concentration reached a maximum value
of 20 uM in the liver and 15uM in the kidney at about 5min and re-
duced to initial concentration about 40 min after the injection [13].
When HRS was injected intravenously to human volunteers, the hy-
drogen concentration in blood peaked at about 15min and fell im-
mediately after the injection was stopped [14].

Accumulating evidence proves that H, administration can be a
feasible therapeutic strategy in many disease models or states, such as
pulmonary hypertension [11,15], acute myocardial infarction [16],
metabolic syndrome [17], atherosclerosis [18], hypercholesterolemia
[19], anxiety-like behaviors [20], bladder outlet obstruction [21] and
chronic dialysis [22]. In Takeuchi's study [7], H, had an effect of in-
hibiting platelet aggregation induced by collagen. However, it is un-
clear whether hydrogen (at different concentrations/doses) inhibits
platelet aggregation induced by other agents except collagen, affects
platelet fibrinogen binding and P-selectin expression, and has an an-
tithrombotic effect. Therefore, we hypothesized that H, may inhibit
experimental thrombosis associated with a decrease in platelet activa-
tion via its antioxidant activity. So, the aim of this study was to in-
vestigate the effects of HRS on thrombosis formation and platelet ac-
tivation, as well as to explore the underlying mechanisms.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats weighing 220-250 g and male C57BL/6
mice weighing 20-22 g were purchased from Charles River Company
(Beijing, China). Kunming mice were obtained from Taian Taibang
Biological Products Co. Ltd. (Taian, China). Animals were housed in a
controlled environment (humidity 40%-60%, 22 + 2°C) with a nat-
ural day/night cycle, and free access to food and water. Animals were
acclimated for 1 week before any experimental procedures. All experi-
ments were conducted following the Regulations of Experimental
Animal Administration issued by the State Committee of Science and
Technology of the People's Republic of China and approved by the la-
boratory animals' ethical committee of Shandong First Medical
University & Shandong Academy of Medical Sciences.

2.2. Reagents

HRS was prepared as described previously [15,23]. Fibrinogen
binding and P-selectin expression were monitored with fluorescein
isothiocyanate (FITC)-conjugated fibrinogen and FITC-conjugated
CD62P (P-selectin) (BD Biosciences, San Jose, CA). Apyrase, pros-
taglandin E;, human fibrinogen, ADP, bovine serum albumin (BSA),
2’,7’-dichlorofluorescein diacetate (H2DCF-DA), 4-amino-5-
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methylamino-2,7-difluorofluorescein diacetate (DAF-FM DA), N-2-hy-
droxy-ethylpiperazine-N’-2-ethanesulfonic acid (HEPES), 3-isobutyl-1-
methylxanthine (IBMX) and indomethacin were purchased from Sigma-
Aldrich (St. Louis, MO, US). KT5823, (-actin, and goat anti-rabbit
conjugated to horseradish peroxidase antibody were from Abcam
(Cambridge, MA, USA). Rabbit polyclonal antibodies against phos-
phorylated (Thr202/Tyr204) extracellular signal-regulated kinases 1
and 2 (p-ERK1/2) and ERK1/2 were from Cell Signaling Technology,
Inc (Danvers, MA, USA). Collagen was purchased from the Chrono-Log
Corporation (Havertown, PA, USA). Malondialdehyde (MDA), super-
oxide dismutase (SOD) and NO assay kits were obtained from the
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). TXB, and
cyclic guanylate monophosphate (cGMP) Enzyme Linked Im-
munosorbent Assay (ELISA) kits were from Shanghai Lang Dun Bio-
technology Co., Ltd. (Shanghai, China). Pentobarbital sodium was from
Merck (Darmstadt, Germany). All other reagents were of the highest
quality available.

2.3. Tail bleeding time assay

Twenty Kunming mice and eighteen Sprague-Dawley rats were di-
vided randomly into two groups respectively: the HRS group and
Control group, with ten mice or nine rats in each group. On the day of
the experiment, animals in these two groups were administered HRS
(10 ml/kg body weight) or an equal volume of normal saline (NS) in-
traperitoneally (i.p.). The in vivo dose of HRS and the administration
frequency used in this study were according to our previous studies
[15,16]. Thirty minutes after a single injection, tail bleeding time was
measured as described previously [24]. Briefly, anesthetized animals
were placed in a domestic tube with an opening, from which the tail
protruded. The tail was transected at 3 mm from the tip and the distal
portion was immediately vertically immersed into 37°C NS. The
duration of time for the bleeding to stop (including episodes of re-
bleeding) was recorded. No animal was allowed to bleed for > 30 min.

2.4. Experimental thrombosis models

2.4.1. Arterio-venous shunt thrombosis model

Sixteen healthy male Sprague-Dawley rats were divided randomly
into two groups: the HRS group and Control group, with 8 rats in each
group. HRS (10 ml/kg body weight) or an equal volume of NS was given
i.p. daily for 1 week. Two hours after the last dose, rats were anesthe-
tized with pentobarbital sodium (40 mg/kg body weight, i.p.) and fixed
in a supine position. The toe pinch reflex, muscular relaxation, and
respiration rates were monitored to determine that adequate anesthesia
was administered. An arterio-venous shunt tube was inserted between
the left jugular vein and right carotid artery. The shunt was assembled
from two 4-cm polyethylene tubes (0.6- and 0.9-mm inner and outer
diameter, respectively) connected to a central tube (6 cm long, 0.9-mm
inner diameter) containing a 5-cm-long cotton thread. The central tube
was filled with NS and the 4-cm polyethylene tubes were filled with a
heparin saline solution (25U/ml). Extracorporeal circulation was
maintained for 15 min, and a thrombus adhered to the thread during
this period. Then the shunt was removed and the thread with its asso-
ciated thrombus was withdrawn. The thrombus dry weight was de-
termined 6 h later at room temperature by subtracting the weight of the
dry 5 cm thread measured previously [3,25].

2.4.2. Ferric chloride-induced arterial thrombosis model

Both 30 male Sprague-Dawley rats and 30 male Kunming mice were
divided randomly into three groups: the Control group, Model group
and HRS group. Animals in the HRS group received HRS at a dose of
10 ml/kg body weight i.p. daily for 1 week, while animals in the other
two groups received an equal volume of NS using the same procedure.
Two hours after the last dose, a ferric chloride (FeCls)-induced carotid
artery thrombosis model was established as described previously [26].
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Briefly, anesthetized rats or mice were fixed in a supine position, and a
segment of the right common carotid artery was exposed. A miniature
Doppler flow probe (PeriFlux System 5000, Perimed AB, Jarfilla,
Sweden) was attached to the carotid artery to monitor blood flow.
Thrombus formation was induced in the Model and HRS groups by
wrapping a piece of Whatman filter paper (1 X 3 mm) saturated with
5% (for mice) or 40% (for rats) FeCl; solution around the carotid artery,
in contact with the adventitial surface of the vessel. Carotid arteries of
rats or mice in the Control groups were wrapped in filter paper satu-
rated with distilled water. A small piece of sealing film was placed
below the artery prior to the application of FeCl; to avoid injury of the
adjacent tissue. Three minutes later, the filter paper was removed and
carotid blood flow was continuously monitored after FeCl; application
at the distal end. The time to occlusion was determined by measuring
the time (in min) from removal of the FeCl; saturated filter paper until
the blood flow was stable below 100 Perfusion Unit (PU) for 2 min.

2.5. Perfusion studies

Blood was collected from healthy donors receiving no medication
for at least 2 weeks, and anti-coagulated with 3.8% trisodium citrate
(9:1, v/v). When trisodium citrate acts as the anticoagulant, a ratio (9:1,
v/v) of blood to 3.8% trisodium citrate is common and optimal with
little effect on platelet function [27]. Then blood was incubated with NS
(Control) or HRS with a volume ratio of 9:1 for 20 min at 37 °C. The
blood temperature was maintained at 37 °C during the perfusion study.
The procedures of the study were approved and carried out in ac-
cordance with the guidelines of the Ethics Committee of Shandong First
Medical University & Shandong Academy of Medical Sciences. All do-
nors gave written informed consent before participating in this study.

Platelet adhesion was evaluated in vitro using a well-defined per-
fusion chamber as previously described [28,29]. Briefly, coverslips
were cleaned thoroughly, coated with 100 pg/ml fibrinogen for 1 h, and
incubated in 1% human albumin to prevent non-specific protein
binding. Then the coverslips were sealed reversibly to the chamber by
vacuum force. Blood was aspirated through the coverslip in the
chamber by a syringe pump at shear rate of 1000s~ 1. Each perfusion
lasted for 5 min. After perfusion, the coverslips were removed, rinsed,
fixed in 0.5% glutaraldehyde, dehydrated with methanol and stained
with May-Grunwald-Giemsa. Platelet adhesion to the coverslip was
measured with a light microscope (BX 51, Olympus, Tokyo, Japan)
coupled to an image analyzer system (Image-Pro Plus v6.0, Media
Cybernetics, USA). The platelet adhesion status was evaluated as the
percentage of the surface area covered with platelets. For each cover-
slip, five visual fields were randomly selected and averaged to obtain
the results. All perfusions were performed in triplicate for each condi-
tion. The results are presented as the mean from three different donors.

2.6. Platelet aggregation detection

Blood was collected from the hearts of male Sprague-Dawley rats
that had been fully anesthetized and, anti-coagulated with 3.8% triso-
dium citrate (9:1, v/v). Samples were centrifuged at 100 x g for 10 min
at room temperature, and the platelet-rich plasma (PRP) supernatant
was obtained. Then the pellet was centrifuged at 1000 X g for 10 min at
room temperature to obtain platelet-poor plasma (PPP). Platelet ag-
gregation was measured as described previously [1]. Briefly, platelets in
each PRP sample were counted using an automatic blood cell analyzer
(PE-6800VET, Zibo, China) and adjusted to 250 x 10° platelets per liter
with NS. The corresponding PPP of each PRP was diluted at the same
proportion using NS [30]. The maximum aggregation rate of platelets
was recorded within 5min by turbidimetry using a LBY-NJ4 ag-
gregometer (Pulisheng, Beijing, China). In the following procedure,
platelet count was maintained at 250 x 10° platelets per liter. A total of
300 ul of PRP was added to an aggregation cuvette.

In the first series, four different volumes (10 pl, 20 pul, 30 ul, and
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50 ul) of HRS or NS (Control) were added to the aggregation cuvette
containing PRP and incubated for 5min at 37 °C. ADP (10pl, 10 uM
final concentration) or collagen (10 pul, 15 pg/ml final concentration)
was used as agonist. Then platelet aggregation was measured following
the procedure described above.

In the second series, HRS (10 pul, 20 pl, 30 pl, 40 pl, and 50 pl) was
added to PRP simultaneously with H,O, at a final concentration of
25 mM. PRP exposed only to NS or H,O, was used as Control or Model,
respectively. After a 5-min incubation, platelet aggregation was mea-
sured.

2.7. Preparation of washed platelets

For preparation of washed platelets, blood was collected from the
hearts of anesthetized C57BL/6 mice, anti-coagulated with 97 mM so-
dium citrate, 71 mM citric acid, and 111 mM dextrose, pH 6.5 (ACD,
5:1, v/v), and centrifuged at 80 X g for 10 min. PRP was collected and
further centrifuged at 750 X g for 10 min containing 2 U/ml heparin,
0.2 U/ml apyrase and 1 uM prostaglandin E;. The platelet pellet was
then washed three times with Tyrode's buffer (137 mM NaCl, 12 mM
NaHCO3, 2.7 mM KCl, 0.42mM NaH,PO,4, 1 mM MgCl,, 2mM CaCl,,
5.5mM glucose, 5mM HEPES, and 0.35% BSA, pH 7.35, freshly pre-
pared) with inhibitors (prostaglandin E;, apyrase or heparin). The vo-
lume of Tyrode's buffer was the same as that of PRP. Finally, platelets
were resuspended in Tyrode's buffer [31,32].

2.8. Flow cytometry analysis of P-selectin exposure and platelet fibrinogen
binding

Washed mouse platelets were allowed to equilibrate for 30 min
before beginning the following experiments. Then washed platelets
were divided into three groups for the following flow cytometry ana-
lysis: (1) platelets incubated with NS (Control), (2) platelets incubated
with H,0, (final concentration 1 mM) and NS (Model) and (3) platelets
incubated with H,O, (final concentration 1 mM) and HRS (the same
volume as H,0,) (HRS). Platelets were allowed to incubate for 5 min at
37°C.

The effects of HRS on single platelet activation were monitored by
flow cytometry. Briefly, the prepared platelets (1 X 107/ml) were in-
cubated with FITC-fibrinogen (final concentration 0.1 mg/ml) and
FITC-conjugated CD62P (P-selectin, final concentration 0.025 mg/ml)
or their isotype controls (BD Biosciences, San Jose, CA) in the dark at
room temperature for 20 min, respectively, and they were finally fixed
in 1% paraformaldehyde in PBS at 4 °C. Samples were measured using a
FACScalibur flow cytometer (Beckton Dickinson, San Jose, CA, USA)
and data were analyzed with FlowJo V. 7.6.2 (Tree Star, Inc., Ashland,
OR). Platelet fibrinogen binding and P-selectin expression were re-
ported as the percentages of fibrinogen binding-positive and CD62P-
positive cells in the platelet population, respectively [31,33].

2.9. Determination of levels of ROS and NO in platelets

Levels of ROS and NO in platelets were detected with the fluorescent
probes H2DCF-DA and DAF-FM DA, respectively. Mouse platelets of the
above three groups were incubated with H2DCF-DA (final concentra-
tion 2uM) and DAF-FM DA (final concentration 0.5uM) at 37 °C for
20 min. Samples were then fixed in 1% paraformaldehyde at 4°C,
measured and analyzed. Platelet ROS and NO levels were reported as
mean fluorescence intensity (MFI).

2.10. Measurement of levels of MDA, NO and SOD

After FeCls-induced arterial thrombosis was determined, rat blood
was obtained by cardiac puncture and plasma was prepared by cen-
trifugation. Levels of MDA and SOD in plasma were measured ac-
cording to the manufacturer's instructions.
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Fig. 1. HRS prolonged tail bleeding time in mice (panel A) and rats (panel B). Data are represented as means * SD, n = 9-10. **P < 0.01 versus Control.

After aggregation of rat platelets exposed to H,O,, incubated with
or without HRS, samples were removed from the aggregation cuvette
and subjected to two freeze-thaw cycles. The samples were then dis-
rupted with ultrasound until intact platelets could no longer be detected
under the microscope. Levels of MDA and NO in each sample were
measured according to the kit instructions.

2.11. Measurement of release of TXB, from platelets and cGMP formation

Rat PRP, PPP and adjustment of platelet number were prepared as
above. PRP (4.5 x 108/ml) were divided into three groups: (1) platelets
incubated with 100 pl of NS (Control), (2) platelets incubated with 50 pl
H,0, (final concentration 1 mM) and 50 pl NS (Model) and (3) platelets
incubated with 50 pl of H,O, (final concentration 1 mM) and 50 pl of
HRS. NS and/or H;O, and/or HRS were added to the aggregation
cuvette containing 200 pl PRP. Platelets were allowed to incubate for
6 min at 37 °C.

Because TXA; is very unstable and can rapidly turn into TXB,, a
more stable metabolite, TXB, was measured instead of TXA,. For
measurement of TXB, content, 2mmol/l EDTA and 50 pumol/] in-
domethacin were added to the cuvette after incubation. Supernatant
was obtained after rat platelets were centrifuged at 1760 X g for 10 min
at 4 °C. TXB; levels of the supernatants were measured using ELISA kit
according to the procedure described by the manufacturer.

For measurement of cGMP level, rat platelet suspensions in above
three groups were incubated with IBMX (100 pmol/1) simultaneously
during the 6 min. Then the solution was immediately boiled for 5 min.
After centrifugation, 50 ul of supernatant was used to determine the
¢GMP contents with an ELISA kit [34].

2.12. Western blot analysis of p-ERK1/2

Washed mouse platelets (0.4 ml, 25 x 10%/ml) were incubated with
NS, H,O, (final concentration 1 mM), and HRS with or without the
presence of KT5823 (final concentration 30 uM) at 37 °C for 5 min. Then
samples were centrifuged and proteins of pellets were isolated using
RIPA buffer (Beyotime, Jiangsu, China) according to the manufacturer's
instructions. Equal amounts of platelet protein were separated by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis and trans-
ferred to a polyvinylidene fluoride membrane (Millipore, Bedford, MA,
United States). The membrane was then incubated with the primary
antibody (1:5000 for anti-ERK1/2; 1:2000 for anti-p-ERK1/2) and (-
actin (1:1000) overnight at 4 °C, followed by incubation with the sec-
ondary antibody (1:2000) for 2 h at room temperature. The band with
peroxidase activity was detected by enhanced chemiluminescence de-
tection reagents (ECL+ system; Amersham Pharmacia Biotech,
Buckinghamshire, UK). Densitometric analysis of specific bands was
performed with a Photo-Print Digital Imaging System (IP-008-SD) with
analytical software (Bio-1Dlight, V 2000).

2.13. Statistical analysis

Data are expressed as means + SD. All statistical analyses were
performed using GraphPad Prism, version 4 (GraphPad Software, Inc.,
La Jolla, CA, USA). A non-parametric Mann-Whitney U test was used to
analyze tail bleeding time and time to occlusion in the FeCl; injury
model. The student's t-test was used for comparing two samples and
one-way analysis of variance (ANOVA) was used for comparing more
than two experimental groups. A P-value < 0.05 was considered sig-
nificant.

3. Results
3.1. HRS significantly prolonged tail bleeding time in mice and rats

To investigate the effects of HRS on thrombosis, we measured
mouse and rat tail bleeding time 30 min after a single injection of HRS.
As shown in Fig. 1, after HRS injection, the tail bleeding time increased
significantly in both mice and rats.

3.2. HRS decreased thrombus weight and prolonged the time to occlusion in
thrombosis models

To evaluate antithrombotic activities of HRS in vivo, a rat arterio-
venous shunt thrombosis model was used. As shown in Fig. 2A, HRS
treatment resulted in a decreased thrombus dry weight compared with
the control.

The FeCls-induced arterial thrombosis model is a simple and well-
established model that is sensitive to antiplatelet drugs [35]. When
thrombosis is produced in rats, the concentration of FeCl; may range
from 10%-80% [36]. In a mouse model of arterial thrombosis, 3.5%,
5% or 10% FeCls is used [37,38]. In order to further examine in vivo
antithrombotic activities of HRS, the concentration of 5% FeCls for
mice and 40% FeCl; for rats was considered optimal with avoidance of
too severe or too mild thrombosis. Our results show that HRS prolonged
the time to occlusion in both rats and mice (Fig. 2B, C and D).

3.3. HRS attenuated platelet adhesion to fibrinogen

After vascular injury, the adherence of platelets to the endothelium
and exposed media is the initial step of platelet activation. This results
in platelet—platelet interaction, which leads to the formation of ag-
gregates [39]. Using an extracorporeal blood perfusion system, we
mimicked blood flow in blood vessels and observed platelet adhesion to
fibrinogen-coated coverslips. Our results show that HRS significantly
attenuated human platelet adhesion to fibrinogen compared with con-
trols at a shear rate of 1000s™* (Fig. 3).
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3.4. HRS inhibited platelet aggregation induced by ADP, collagen and H;0-

To determine whether the antithrombotic effect of HRS was related
to changes in platelet aggregation, we first observed platelet aggrega-
tion induced by agonists (ADP and collagen) in vitro. As shown in
Fig. 4, HRS clearly inhibited ADP-induced rat platelet aggregation at
doses of 10 pl, 20 pl, 30 pl, and 50 pl (Fig. 4A and B). Moreover, HRS
significantly decreased collagen-induced rat platelet aggregation at
doses of 20 ul, 30 ul, and 50 pl, whereas there was no significant dif-
ference in rat platelet aggregation induced by collagen between 10 pl
HRS and NS (Fig. 4C and D).

As an ROS, H,0, can modulate platelet activity [40-43]. So we
investigated whether HRS exerted protective effects on H,05 (25 mM)-
induced platelet aggregation. We found that HRS at 20 pul, 30 pl, 40 pl
and 50 pl inhibited H>O»-induced increases in rat platelet aggregation

(Fig. 4E and F).

3.5. HRS reduced a-granule secretion and TXA, release in H>0»-exposed
platelets

P-selectin expression reflects platelet a-granule secretion [31,44].
Our flow cytometry results show that H,O, caused the increase of the
percentage of mouse P-selectin-positive platelets. After treatment with
HRS, the increase was significantly reduced (Fig. 5A and B). We also
measured H, effect on mouse platelet P-selectin expression induced by
thrombin. Again, it was found that HRS treatment decreased P-selectin-
positive platelets (Supplementary Fig. S1). Thus HRS can effectively
alleviate mouse platelet a-granule secretion.

H,0, (1 mM) significantly increased TXB, level in rat PRP, sug-
gesting promotion of H,Os-induced release of TXA,. After treatment

Fig. 3. HRS significantly attenuated platelet adhesion to fi-
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with HRS, the concentration of HyO,-induced TXB, decreased (Fig. 5C),
indicating the inhibitory effect of HRS on the release of TXA, from rat
platelets as induced by H,0,.

3.6. HRS reduced alIbB3 activation

Fibrinogen binding to platelets is an absolute requirement for ag-
gregation, and platelet fibrinogen binding is regarded as a marker re-
flecting platelet aggregability or integrin oIIbp3 activation [31,44].
H,0, caused the increase of the percentage of mouse fibrinogen
binding-positive platelets, while HRS significantly reduced positive
ones (Fig. 6).

3.7. HRS improved oxidative status in mouse and rat platelets treated with
H,0, and in plasma of rats with FeCls-induced carotid arterial thrombosis

In mouse washed platelets exposed to H,O,, the MFI of ROS in-
creased (Fig. 7A and B) and that of NO decreased (Fig. 7C and D) sig-
nificantly compared with controls. After treatment with HRS, these
changes were evidently ameliorated.

MDA is the ultimate product of unsaturated lipid peroxidation, and
its content in blood may reflect excessive membrane injury generated
by free radicals [15]. After aggregation, measurement of MDA and NO
content in rat PRP showed that H,O, significantly increased MDA levels
and decreased NO levels. When HRS and H,0, were added simulta-
neously to an aggregation cuvette containing rat PRP, HRS blocked the
MDA increase (Fig. 7E) and NO decrease (Fig. 7F).

SOD is an important antioxidant enzyme in the regulation of oxi-
dative tissue damage [15]. Levels of MDA and SOD in plasma of rats
after FeCls-induced carotid arterial thrombosis were determined. As
shown in Fig. 7G, the content of MDA in model rats increased sig-
nificantly (P < 0.01) compared with the control rats, while HRS re-
duced MDA levels (P < 0.05) nearly to those of control rats. However,
there were no significant differences in SOD level among the three
groups (Fig. 7H). These results suggest that HRS may exert antith-
rombotic effects through its antioxidant properties.
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3.8. HRS increased cGMP formation and reduced phosphorylation of
ERK1/2 in H,05-induced platelets

As shown in Fig. 8, H,O, was found to cause a decrease in cGMP
formation in rat platelets and HRS mitigates this decrease (Fig. 8A).
Furthermore, expression of p-ERK1/2 increased in washed mouse pla-
telets exposed to H,O5 (P < 0.01), while HRS decreased p-ERK1/2
expression. When cGMP-dependent protein kinase (PKG) inhibitor
KT5823 was added, phosphorylation of ERK1/2 again increased
(Fig. 8B and C) compared with HRS treatment, indicating that ERK was
the downstream of PKG.

4. Discussion

In this study, we demonstrated that: (1) H, prolonged bleeding time
in mice and rats, and had antithrombotic activities in a rat arterio-ve-
nous shunt thrombosis model and FeCl3-induced artery thrombus for-
mation in rats and mice; (2) H, reduced human platelet adhesion to
fibrinogen, and collagen-, ADP-, and H,O,-induced rat platelet ag-
gregation, as well as platelet release; (3) H, inhibited mouse allbf3
activation induced by H,O,; (4) H, ameliorated oxidative status in
mouse and rat platelets exposed to H,O, and in plasma of rats with
arterial thrombosis; (5) H, increased NO level and cGMP formation, but
reduced pERK1/2 level (diminished with KT5823) in H,O,-treated
platelets, suggesting involvement in NO/cGMP/PKG/ERK pathway.

Bleeding time is a reliable parameter of platelet function [45] and
can comprehensively reflect antithrombotic activities of candidate
agents in vivo [1]. Therefore, bleeding times were first investigated to
estimate the antithrombotic activities of H,. In our study, HRS sig-
nificantly prolonged tail bleeding time in mice and rats (Fig. 1), which
suggests possible antithrombotic activities of Ha.

Next, we used two thrombosis models to further determine the an-
tithrombotic effects of H,.The first was the rat model of arterio-venous
shunt, which causes formation of a mixed platelet/fibrin thrombus. The
second arterial injury model involved external application of FeCl; to
induce vascular injury and thrombus formation, which was a mod-
ification of a similar injury model in rats and involves oxygen radical
formation and specific damage to the endothelium to create a site for
platelet adhesion and thrombus [46]. Our study found that HRS de-
creased thrombus weight in the rat arterio-venous shunt thrombosis
model and prolonged time to occlusion in the FeCls-induced carotid
arterial thrombosis model in both rats and mice (Fig. 2). We conclude
that H, has antithrombotic effects. However, we did not find the in-
hibitory effect of HRS (at a dose of 5ml/kg) on FeCls-induced throm-
bosis in rats and mice (data not shown), suggesting there needs a higher
dose of HRS to control thrombosis.

Upon vascular injury, exposure of the subendothelial components
provides an attractive surface for platelet adhesion and activation, re-
sulting in platelet aggregation and release and thrombosis [47]. So,
whether platelet adhesion, aggregation and release are affected by H,
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was investigated in our experiments.

The effect of HRS on platelet adhesion to fibrinogen was studied at
first. During reperfusion of ischemic organs, fibrinogen accumulating
on the endothelial surface is associated with the recruitment of plate-
lets, and fibrinogen appears to support firm and irreversible platelet
attachment [48]. Platelet adhesion at sites of vascular injury is regu-
lated by blood flow, and increasing shear leads to increased thrombus
growth [49]. In order to investigate the effects of H, on platelet ad-
hesion under blood flow conditions, an in vitro flow-based assay was
performed on a fibrinogen-coated surface at a shear rate of 1000s .
The significant decrease of platelet adhesion to fibrinogen in the HRS
group suggests that H, could weaken platelet adhesion (Fig. 3). Then
we evaluated the inhibiting effect of HRS on platelet aggregation in-
duced by ADP, collagen and H,0,. Our results indicate that HRS in-
hibited ADP-, collagen- and H,O»-induced platelet aggregation (Fig. 4).
The inhibiting effect of HRS on collagen-induced platelet aggregation in
our research is consistent with a previous study [7]. Besides, our re-
search added new data that H, decreases ADP- and H,0,-induced pla-
telet aggregation, suggesting H, inhibits platelet aggregation induced
by multiple platelet agonists. Finally, platelet release reaction was ob-
served with detection of TXA, release from platelets and P-selectin on
the platelet surface. In this study, we found H,O, (1 mM) significantly

promoted the release of TXB, (reflecting TXA, change) from rat plate-
lets (Fig. 5B), which is consistent with the previous studies [42,43]. Our
data showed that HRS inhibited TXB, release from rat platelets as well
as the expression of P-selectin on the platelet surface (Fig. 5). These
results suggest H, inhibits platelet release reaction.

Together, these data showed a widespread inhibition effect of H, on
platelet activation. It has been shown activated platelets promote fibrin
formation in a factor XII-dependent manner in vitro [50]. Besides, ac-
tivated platelets release polyphosphates. Polyphosphates, as the en-
dogenous factor XII activator in vivo, link platelet activation (primary
hemostasis) and fibrin production (secondary hemostasis) [51]. Based
on our results of inhibitory effects of hydrogen on platelet activation,
we speculate that hydrogen may inhibit secondary hemostasis.

Integrin allbB3 is the receptor for fibrinogen and localizes on the
platelet membrane and on a-granules. Once platelets are activated,
alIbB3 undergoes conformational changes, becomes competent to bind
fibrinogen [52] and then triggers a series of intracellular events. Fi-
brinogen binding to allbf3 is the final pathway of platelet aggregation
and the ultimate step in thrombosis [53,54]. To further study the un-
derlying mechanism of the antithrombotic effect of H,, we used washed
platelets to observe the effect of HRS on fibrinogen binding. The results
showed that HRS attenuated the percentage of fibrinogen binding-
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positive platelets in H,O5-exposed platelets (Fig. 6), suggesting inhibi-
tion of allbB3 activation was responsible for the decreased platelet
activation and thrombosis with H, treatment.

In the present study, we have shown that one mechanism of platelet
inhibition by H, was involved in oxidative stress. The following evi-
dence supports this conclusion. First, H,O,, a kind of ROS, induced
platelet aggregation and release reaction. HRS inhibited platelet ag-
gregation and release reaction induced by H,O (Figs. 4 and 5); Second,
H,0, activated allbp3, whereas HRS inhibited allbf3 activation
(Fig. 6); Third, H,0, increased the levels of ROS, whose overproduction
may results in oxidant stress, but decreased NO levels in platelets. The
decrease of NO level may be due to an increase of ROS [11,55]. HRS
reversed this change of ROS and NO level in H,O,-treated platelets
(Fig. 7A, B, C and D). Fourth, H,O, treatment increased the content of
MDA, an index of ROS generation [56], with decrease of NO content in
platelets. HRS improved this change of MDA and NO content in H,0,-
exposed platelets (Fig. 7E and F). Fifth, when oxidative stress is pro-
voked, even without an accompanying aggregation, thrombi may tend
to form [57]. There existed an increase of MDA content and a decrease
of SOD level in plasma of a rat model of Fecls-induced arterial throm-
bosis. However, HRS inverted the change of MDA content and SOD
level in plasma of the rat FeCl; model (Fig. 7G and H). Sixth, in Gor-
don's paper [58], the authors write that one of the products during
synthesis of TXA, is MDA, a marker of oxidative stress. Oxidative stress
may active platelets in turn. HRS decreased TXB, (Fig. 5B) and MDA
(Fig. 7E) content in H,O,-treated platelets, suggesting H, may break the
wretched cycle of TXA, and MDA. So H; could exert its effects mainly
through opposing the oxidant system in this study.

In addition, we also have shown that another mechanism of platelet
inhibition by H, was related to NO/cGMP/PKG/ERK pathway. At least
three lines of evidence support this conclusion. Firstly, NO-cGMP-PKG
pathway was detected in our study. The importance of NO-cGMP-PKG
pathway as an inhibitor of platelet activation has been established
[59-61]. In our manuscript, HRS increased NO level in H,O,-treated
platelets (Fig. 7C, D and F). So we further investigated whether cGMP
was influenced. The results showed that HRS increased cGMP level in
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platelets treated to H,O, (Fig. 8A), suggesting the mechanism of NO-
c¢GMP pathway. Secondly, when cells were exposed to high H,0, levels
as a model of oxidative stress, there existed strong and persistent acti-
vation of ERK1/2 [62,63]. In our study, activation of ERK1/2 was de-
tected in platelets exposed to 1 mM H»0,. Indeed, we found that H,0,
increased expression of p-ERK1/2 (Fig. 8B and C), which is important in
platelet activation [59,60]. Moreover, some substances exhibited anti-
platelet effects through inhibition of ROS and ERK phosphorylation
[64]. Hence, our results suggested ERK pathway was involved in the
H,0,-induced platelet activation. When treated with HRS, expression of
p-ERK1/2 was decreased in platelets stimulated with H,O, (Fig. 8B and
C), indicating ERK signal was associated with inhibitory effect of HRS
on platelet activation. Thirdly, we investigated if PKG was related to
inhibitory effect of HRS on ERK1/2 activation. In our study, KT5823
was used as an inhibitor of PKG [60]. The results showed that KT5823
diminished the inhibitory effect of HRS on expression of p-ERK1/2
(Fig. 8D). It has been reported that PKG inhibited ERK activation
[60,65]. Therefore, we suggested ERK functioned as one of downstream
effectors of PKG. Taken together, NO/cGMP/PKG/ERK pathway may be
another mechanism underlying inhibitory effect of HRS on platelet
activation.

5. Conclusion

In summary, our data suggest that H, effectively attenuates in vitro
platelet activation and inhibits thrombus formation in vivo, which may
be due to its antioxidant property and subsequent inhibition of platelet
activation via NO/cGMP/PKG/ERK pathway, and H, might have the
potential to be used as a novel antithrombotic agent. However, we
cannot exclude other mechanisms, such as inhibition of inflammation
and protection of the endothelium by H,. Additionally, effect of hy-
drogen on secondary hemostasis, and the duration of HRS anti-platelet
effect within the in vivo models should be investigated further.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.1fs.2019.116700.


https://doi.org/10.1016/j.lfs.2019.116700
https://doi.org/10.1016/j.lfs.2019.116700

Y. Wang, et al.

Declaration of Competing Interest
The authors declare that there are no conflicts of interest.
Acknowledgements

This work was supported partly by the National Natural Science
Foundation of China (81173061), the Natural Science Foundation of
Shandong Province of China (ZR2014HQO007, ZR2017MH048), Project
of Department of Education of Shandong Province (J16LK55), the
Foundation of Overseas Distinguished Taishan Scholar Foundation of
Shandong Province of China (to H-TZ) and Collaborative Innovation
Center for Research and Development of Traditional Chinese Medicine
in Mount Tai.

References

[1] R. Zhang, B. Huang, D. Du, X. Guo, G. Xin, Z. Xing, et al., Anti-thrombosis effect of
diosgenyl saponins in vitro and in vivo, Steroids 78 (2013) 1064-1070, https://doi.
org/10.1016/j.steroids.2013.07.003.

[2] Q.C. Zhang, Y. Zhao, H.M. Bian, Anti-thrombotic effect of novel formulafrom Corni

fructus with malic acid, succinic acid and citric acid, Phytother. Res. 28 (2014)

722-727, https://doi.org/10.1002/ptr.5052.

X.L. Su, W. Su, Z.L. He, X. Ming, Y. Kong, Tripeptide SQL inhibits platelet ag-

gregation and thrombus formation via affecting PI3K/Akt signaling, J. Cardiovasc.

Pharmacol. 66 (2015) 254-260, https://doi.org/10.1097/FJC.0000000000000269.

D. Gadi, M. Bnouham, M. Aziz, A. Ziyyat, A. Legssyer, C. Legrand, Parsley extract

inhibits in vitro and ex vivo platelet aggregation and prolongs bleeding time in rats,

J. Ethnopharmacol. 125 (2009) 170-174, https://doi.org/10.1016/j.jep.2009.05.

014.

A. Sobotkové, L. Masové-Chrastinova, J. Suttnar, J. Stikarové, P. Méjek,

Z. Reicheltovd, et al., Antioxidants change platelet responses to various stimulating

events, Free Radic. Biol. Med. 47 (2009) 1707-1714, https://doi.org/10.1016/j.

freeradbiomed.2009.09.015.

D. Principe, A. Menichelli, W. Matteis, S. Giulio, M. Giordani, I. Savini, et al.,

Hydrogen peroxide is an intermediate in the platelet activation cascade triggered by

collagen, but not by thrombin, Thromb. Res. 62 (1991) 365-375.

S. Takeuchi, K. Wada, K. Nagatani, H. Osada, N. Otani, H. Nawashiro, Hydrogen

may inhibit collagen-induced platelet aggregation: an ex vivo and in vivo study,

Intern. Med. 51 (2012) 1309-1313, https://doi.org/10.2169/internalmedicine.51.

7161.

B. Olas, B. Wachowicz, Resveratrol and vitamin C as antioxidants in blood platelets,

Thromb. Res. 106 (2002) 143-148.

F. Violi, P. Pigatelli, S. Basili, Nutrition, supplements, and vitamins in platelet

function and bleeding, Circulation 121 (2010) 1033-1044, https://doi.org/10.

1161/CIRCULATIONAHA.109.880211.

X.F. Zheng, Y.F. Mao, J.M. Cai, Y.H. Li, W.W. Liu, P.L. Sun, et al., Hydrogen-rich

saline protects against intestinal ischemia/reperfusion injury in rats, Free Radic.

Res. 43 (2009) 478-484, https://doi.org/10.1080/10715760902870603.

1. Ohsawa, M. Ishikawa, K. Takahashi, M. Watanabe, K. Nishimaki, K. Yamagata,

et al., Hydrogen acts as a therapeutic antioxidant by selectively reducing cytotoxic

oxygen radicals, Nat. Med. 13 (2007) 688-694, https://doi.org/10.1038/nm1577.

X.F. Zheng, X.J. Sun, Z.F. Xia, Hydrogen resuscitation, a new cytoprotective ap-

proach, Clin. Exp. Pharmacol. Physiol. 38 (2011) 155-163, https://doi.org/10.

1111/j.1440-1681.2011.05479.x.

H.Y. Sun, L. Chen, W.P. Zhou, L. Hu, L. Li, Q.Q. Tu, et al., The protective role of

hydrogen-rich saline in experimental liver injury in mice, J. Hepatol. 54 (2011)

471-480, https://doi.org/10.1016/j.jhep.2010.08.011.

H. Ono, Y. Nishijima, N. Adachi, M. Sakamoto, Y. Kudo, J. Nakazawa, et al.,

Hydrogen (H2) treatment for acute erythymatous skin diseases. A report of 4 pa-

tients with safety data and a non-controlled feasibility study with H2 concentration

measurement on two volunteers, Med. Gas Res. 2 (2012) 14-22, https://doi.org/10.
1186/2045-9912-2-14.

Y. Wang, L. Jing, X.M. Zhao, J.J. Han, Z.L. Xia, S.C. Qin, et al., Protective effects of

hydrogen-rich saline on monocrotaline-induced pulmonary hypertension in a rat

model, Respir. Res. 12 (2011) 26-33, https://doi.org/10.1186/1465-9921-12-26.

L. Jing, Y. Wang, X.M. Zhao, B. Zhao, J.J. Han, S.C. Qin, et al., Cardioprotective

effect of hydrogen-rich saline on isoproterenol-induced myocardial infarction in

rats, Heart Lung Circ. 24 (2015) 602-610, https://doi.org/10.1016/j.hlc.2014.11.

018.

G. Song, M. Li, H. Sang, L. Zhang, X. Li, S. Yao, et al., Hydrogen-rich water decreases

serum LDL-cholesterol levels and improves HDL function in patients with potential

metabolic syndrome, J. Lipid Res. 54 (2013) 1884-1893, https://doi.org/10.1194/
jlr.M036640.

G. Song, Q. Lin, H. Zhao, M. Liu, F. Ye, Y. Sun, et al., Hydrogenactivates ATP-

binding cassette transporter Al-dependent efflux ex vivo and improves high-density

lipoprotei function in patients with hypercholesterolemia: a double-blinded ran-

domized and placebo-controlled trial, J. Clin. Endocrinol. Metab. 100 (2015)

2724-2733, https://doi.org/10.1210/jc.2015-1321.

G. Song, C. Zong, Z. Zhang, Y. Yu, S. Yao, P. Jiao, et al., Molecularhydrogen

[3]

[4]

[5]

(6]

[7

—

(8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

11

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Life Sciences 233 (2019) 116700

stabilizes atherosclerotic plaque in low-density lipoprotein receptor-knockout mice,
Free Radic. Biol. Med. 87 (2015) 58-68, https://doi.org/10.1016/j.freeradbiomed.
2015.06.018.

D. Wen, P. Zhao, R. Hui, J. Wang, Q. Shen, M. Gong, et al., Hydrogen-rich saline
attenuates anxiety-like behaviors in morphine-withdrawn mice,
Neuropharmacology 118 (2017) 199-208, https://doi.org/10.1016/j.neuropharm.
2017.03.029.

N. Miyazaki, O. Yamaguchi, M. Nomiya, K. Aikawa, J. Kimura, Preventive effect of
hydrogen water on the development of detrusor overactivity in a rat model of
bladder outlet obstruction, J. Urol. 195 (2016) 780-787, https://doi.org/10.1016/
j-juro.2015.10.117.

M. Nakayama, N. Itami, H. Suzuki, H. Hamada, R. Yamamoto, K. Tsunoda, et al.,
Novel haemodialysis (HD) treatment employing molecular hydrogen (H(2))-en-
riched dialysis solution improves prognosis of chronic dialysis patients: a pro-
spective observational study, Sci. Rep. 8 (2018) 254, , https://doi.org/10.1038/
s41598-017-18537-x.

J. Cai, Z. Kang, K. Liu, W. Liu, R. Li, J.H. Zhang, et al., Neuroprotective effects of
hydrogen saline in neonatal hypoxia-ischemia rat model, Brain Res. 23 (2009)
129-137, https://doi.org/10.1016/j.brainres.2008.11.048.

D.H. Lu, C.C. Hsu, S.W. Huang, H.J. Tu, T.F. Huang, H.C. Liou, et al., ARHGEF10
knockout inhibits platelet aggregation and protects mice fromthrombus formation,
J. Thromb. Haemost. 15 (2017) 2053-2064, https://doi.org/10.1111/jth.13799.
Z. Chen, B. Luo, T.Q. Cai, A. Thankappan, Y. Xu, W. Wu, et al., Proof-of-concept
studies for siRNA-mediated gene silencing for coagulation factors in rats and rabbit,
Mol. Ther.—Nucleic Acids 27 (2015) e224, , https://doi.org/10.1038/mtna.
2014.75.

M. Jin, G. Jin, W. Huang, Z. Gao, PEGylation of Lumbrokinase improves pharma-
cokinetic profile and enhances anti-thrombotic effect in a rat carotid artery
thrombosis model, Mol. Med. Rep. 16 (2017) 4909-4914, https://doi.org/10.3892/
mmr.2017.7171.

V.B. O'Donnell, B. Coles, M.J. Lewis, B.C. Crews, L.J. Marnett, B.A. Freeman,
Catalytic consumption of nitric oxide by prostaglandin H synthase-1 regulates
platelet function, J. Biol. Chem. 275 (2000) 38239-38244, https://doi.org/10.
1074/jbc.M001802200.

X.M. Zhao, Y.P. Wu, H.X. Cai, R. Wei, T. Lisman, J.J. Han, et al., The influence of
the pulsatility of the blood flow on the extent of platelet adhesion, Thromb. Res.
121 (2008) 821-825, https://doi.org/10.1016/j.thromres.2007.07.013.

Y.P. Wu, P.R. Stella, S.F. Chen, Y.T. Wang, J.Y. Wang, M.A. Moerland, et al., f3-
Radiation reduces the reactivity of estracellular matrix proteins in intrascular
brachytrerapy (IVBT), resulting in decreased platelet adhesion, Int. J. Cardiol. 156
(2012) 283-288, https://doi.org/10.1016/j.ijcard.2010.11.001.

D. Awabdy, L.J. Bryan-Lluka, J.C. Wanstall, 5-Hydroxytryptamine and platelets:
uptake and aggregation in hypoxic pulmonary hypertensive rats, Eur. J. Pharmacol.
459 (2003) 1-7.

Q. Zhou, L. Jiang, C. Xu, D. Luo, C. Zeng, P. Liu, et al., Ginsenoside Rg1 inhibits
platelet activation and arterial thrombosis, Thromb. Res. 133 (2014) 57-65,
https://doi.org/10.1016/j.thromres.2013.10.032.

M.A. Belisario, S. Tafuri, C. Di Domenico, C. Squillacioti, R. Della Morte,

A. Lucisano, et al., H,O, activity on platelet adhesion to fibrinogen and protein
tyrosine phosphorylation, Biochim. Biophys. Acta 1495 (2000) 183-193.

H. Hu, N. Li, M. Yngen, C.G. Ostenson, N.H. Wallén, P. Hjemdahl, Enhanced leu-
kocyteplatelet cross-talk in Type 1 diabetes mellitus: relationship to microangio-
pathy, J. Thromb. Haemost. 2 (2004) 58-64.

G. Hsiao, K.H. Lin, Y. Chang, T.L. Chen, N.H. Tzu, D.S. Chou, et al., Protective
mechanisms of inosine in platelet activation and cerebral ischemic damage,
Arterioscler. Thromb. Vasc. Biol. 25 (2005) 1998-2004, https://doi.org/10.1161/
01.ATV.0000174798.25085.d6.

Z. Zheng, M.S. Miller, L.G. Jennings, P.E. Thompson, Mechanisms of PI3K beta-
selective inhibition revealed by reciprocal mutagenesis, ACS Chem. Biol. 8 (2013)
679-683, https://doi.org/10.1021/cb300666s.

J.A. Szalony, B.B. Taite, T.J. Girard, N.S. Nicholson, R.M. LaChance,
Pharmacological intervention at disparate sites in the coagulation cascade: com-
parison of anti-thrombotic efficacy vs bleeding propensity in a rat model of acute
arterial thrombosis, J. Thromb. Thrombolysis 14 (2002) 113-121.

J.E. Bird, P.L. Smith, X. Wang, W.A. Schumacher, F. Barbera, J.P. Revelli, et al.,
Effects of plasma kallikrein deficiency on haemostasis and thrombosis in mice:
murine ortholog of the Fletcher trait, Thromb. Haemost. 107 (2012) 1141-1150,
https://doi.org/10.1160/TH-11-10-0682.

R. Covarrubias, E. Chepurko, A. Reynolds, Z.M. Huttinger, R. Huttinger, K. Stanfill,
et al., Role of the CD39/CD73 purinergic pathway in modulating arterial throm-
bosis in mice, Arterioscler. Thromb. Vasc. Biol. 36 (2016) 1809-1820, https://doi.
org/10.1161/ATVBAHA.116.307374.

W.P. Houdijk, K.S. Sakariassen, P.F. Nievelstein, J.J. Sixma, Role of factor VIII-von
Willebrand factor and fibronectin in the interaction of platelets in flowing blood
with monomeric and fibrillar human collagen types I and III, J. Clin. Invest. 75
(1985) 531-540, https://doi.org/10.1172/JCI111729.

R. Rodvein, J.N. Lindon, P.H. Levine, Physiology and ultrastructure of the blood
platelet following exposure to hydrogen peroxide, Br. J. Haematol. 33 (1976)
19-26.

P.H. Levine, R.S. Weinger, J. Simon, K.L. Scoon, N.I. Krinsky, Leukocyte-platelet
interaction. Release of hydrogen peroxide by granulocytes as a modulator of pla-
telet reactions, J. Clin. Invest. 57 (1976) 955-963, https://doi.org/10.1172/
JCI108372.

W. Hornberger, H. Patscheke, Hydrogen peroxide and methyl mercury are primary
stimuli of eicosanoid release in human platelets, J. Clin. Chem. Clin. Biochem. 27
(1989) 567-575.


https://doi.org/10.1016/j.steroids.2013.07.003
https://doi.org/10.1016/j.steroids.2013.07.003
https://doi.org/10.1002/ptr.5052
https://doi.org/10.1097/FJC.0000000000000269
https://doi.org/10.1016/j.jep.2009.05.014
https://doi.org/10.1016/j.jep.2009.05.014
https://doi.org/10.1016/j.freeradbiomed.2009.09.015
https://doi.org/10.1016/j.freeradbiomed.2009.09.015
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0030
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0030
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0030
https://doi.org/10.2169/internalmedicine.51.7161
https://doi.org/10.2169/internalmedicine.51.7161
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0040
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0040
https://doi.org/10.1161/CIRCULATIONAHA.109.880211
https://doi.org/10.1161/CIRCULATIONAHA.109.880211
https://doi.org/10.1080/10715760902870603
https://doi.org/10.1038/nm1577
https://doi.org/10.1111/j.1440-1681.2011.05479.x
https://doi.org/10.1111/j.1440-1681.2011.05479.x
https://doi.org/10.1016/j.jhep.2010.08.011
https://doi.org/10.1186/2045-9912-2-14
https://doi.org/10.1186/2045-9912-2-14
https://doi.org/10.1186/1465-9921-12-26
https://doi.org/10.1016/j.hlc.2014.11.018
https://doi.org/10.1016/j.hlc.2014.11.018
https://doi.org/10.1194/jlr.M036640
https://doi.org/10.1194/jlr.M036640
https://doi.org/10.1210/jc.2015-1321
https://doi.org/10.1016/j.freeradbiomed.2015.06.018
https://doi.org/10.1016/j.freeradbiomed.2015.06.018
https://doi.org/10.1016/j.neuropharm.2017.03.029
https://doi.org/10.1016/j.neuropharm.2017.03.029
https://doi.org/10.1016/j.juro.2015.10.117
https://doi.org/10.1016/j.juro.2015.10.117
https://doi.org/10.1038/s41598-017-18537-x
https://doi.org/10.1038/s41598-017-18537-x
https://doi.org/10.1016/j.brainres.2008.11.048
https://doi.org/10.1111/jth.13799
https://doi.org/10.1038/mtna.2014.75
https://doi.org/10.1038/mtna.2014.75
https://doi.org/10.3892/mmr.2017.7171
https://doi.org/10.3892/mmr.2017.7171
https://doi.org/10.1074/jbc.M001802200
https://doi.org/10.1074/jbc.M001802200
https://doi.org/10.1016/j.thromres.2007.07.013
https://doi.org/10.1016/j.ijcard.2010.11.001
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0150
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0150
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0150
https://doi.org/10.1016/j.thromres.2013.10.032
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0160
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0160
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0160
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0165
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0165
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0165
https://doi.org/10.1161/01.ATV.0000174798.25085.d6
https://doi.org/10.1161/01.ATV.0000174798.25085.d6
https://doi.org/10.1021/cb300666s
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0180
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0180
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0180
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0180
https://doi.org/10.1160/TH-11-10-0682
https://doi.org/10.1161/ATVBAHA.116.307374
https://doi.org/10.1161/ATVBAHA.116.307374
https://doi.org/10.1172/JCI111729
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0200
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0200
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0200
https://doi.org/10.1172/JCI108372
https://doi.org/10.1172/JCI108372
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0210
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0210
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0210

Y. Wang, et al.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

S. Li, X. Li, J. Li, X. Deng, Y. Li, Inhibition of oxidative-stress-induced platelet ag-
gregation by androgen at physiological levels via its receptor is associated with the
reduction of thromboxane A2 release from platelets, Steroids 72 (2007) 875-880,
https://doi.org/10.1016/j.steroids.2007.07.007.

S.F. Moore, M.T. van den Bosch, R.W. Hunter, K. Sakamoto, A.W. Poole, 1. Hers,
Dual regulation of glycogen synthase kinase 3 (GSK3) a/f3 by protein kinase C
(PKC) a and Akt promotes thrombin-mediated integrin allbB3 activation and
granule secretion in platelets, J. Biol. Chem. 6 (2013) 3918-3928, https://doi.org/
10.1074/jbc. M112.429936.

E. Dejama, S. Villa, G. de Gaetano, Bleeding time in rats: a comparison of different
experimental conditions, Thromb. Haemost. 48 (1982) 108-111.

B.P. Damiano, J.A. Mitchell, E. Giardino, T. Corcoran, B.J. Haertlein, L. de
Garavilla, et al., Antiplatelet and antithrombotic activity of RWJ-53308, a novel
orally active glycoprotein IIb/Illa antagonist, Thromb. Res. 104 (2001) 113-126.
K.D. Kurtz, B.W. Main, G.E. Sandusky, Rat model of arterial thrombosis induced by
ferric chloride, Thromb. Res. 60 (1990) 269-280.

Y. Okada, B.R. Copeland, E. Mori, M.M. Tung, W.S. Thomas, G.J. del Zoppo, P-
selectin and intercellular adhesion molecule-1 expression after focal brain ischemia
and reperfusion, Stroke 25 (1994) 202-211.

S. Massberg, G. Enders, F.C. Matos, L.I. Tomic, R. Leiderer, S. Eisenmenger, et al.,
Fibrinogen deposition at the postischemic vessel wall promotes platelet adhesion
during ischemia-reperfusion in vivo, Blood 94 (1999) 3829-3838.

P.N. Walsh, J.H. Griffin, Contributions of human platelets to the proteolytic acti-
vation of blood coagulation factors XII and XI, Blood 57 (1981) 106-118.

F. Miiller, T. Renné, Platelet polyphosphates: the nexus of primary and secondary
hemostasis, Scand. J. Clin. Lab. Invest. 71 (2011) 82-86, https://doi.org/10.3109/
00365513.2010.550312.

S.J. Shattil, J.A. Hoxie, M. Cunningham, L.F. Brass, Changes in the platelet mem-
brane glycoprotein IIb/Illa complex during platelet activation, J. Biol. Chem. 260
(1985) 11107-11114.

P. Pignatelli, F.M. Pulcinelli, L. Lenti, P.P. Gazzaniga, F. Violi, Hydrogen peroxide is
involved in collagen-induced platelet activation, Blood 91 (1998) 484-490.

S. Goto, Y. Ikeda, E. Saldivar, Z.M. Ruggeri, Distinct mechanisms of platelet ag-
gregation as a consequence of different shearing flow conditions, J. Clin. Invest. 101
(1998) 479-486, https://doi.org/10.1172/JCI973.

P. Clutton, A. Miermont, J.E. Freedman, Regulation of endogenous reactive oxygen
species in platelets can reverse aggregation, Arterioscler. Thromb. Vasc. Biol. 24
(2004) 187-192, https://doi.org/10.1161/01.ATV.0000105889.29687.CC.

M.R. Marwali, C.P. Hu, B. Mohandas, A. Dandapat, P. Deonikar, J. Chen, et al.,

12

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Life Sciences 233 (2019) 116700

Modulation of ADP- induced platelet activation by aspirin and pravastatin: role of
lectin-like oxidized low-density lipoprotein receptor-1, nitric oxide, oxidative stress,
and inside-out integrin signaling, J. Pharmacol. Exp. Ther. 322 (2007) 1324-1332,
https://doi.org/10.1124/jpet.107.122853.

J.E. Freedman, Oxidative stress and platelets, Arterioscler. Thromb. Vasc. Biol. 28
(2008) s11-s16, https://doi.org/10.1161/ATVBAHA.107.159178.

J.L. Gordon, D.E. MaclIntyre, R.M. McMillan, Malondialdehyde production and the
release reaction in rat blood platelets: inhibition by aspirin and indomethacin ex
vivo [proceedings], Br. J. Pharmacol. 58 (1976) 299P-300P.

A. Aburima, K. Walladbegi, J.D. Wake, K.M. Naseem, cGMP signaling inhibits
platelet shape change through regulation of the RhoA-Rho Kinase-MLC phosphatase
signaling pathway, J. Thromb. Haemost. 15 (2017) 1668-1678, https://doi.org/10.
1111/jth.13738.

C. Barale, S. Buracco, F. Cavalot, C. Frascaroli, A. Guerrasio, I. Russo, Glucagon-like
peptide 1-related peptides increase nitric oxide effects to reduce platelet activation,
Thromb. Haemost. 117 (2017) 1115-1128, https://doi.org/10.1160/TH16-07-
0586.

A. Friebe, E. Mergia, O. Dangel, A. Lange, D. Koesling, Fatal gastrointestinal ob-
struction and hypertension in mice lacking nitric oxide-sensitive guanylyl cyclase,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 7699-7704, https://doi.org/10.1073/
pnas.0609778104.

M.E. Reyes-Quiroz, G. Alba, J. Sdenz, 1. Geniz, J. Jiménez, J. Martin-Nieto, et al.,
Platelet-activating factor and hydrogen peroxide exert a dual modulatory effect on
the transcription of LXRa and its target genes in human neutrophils, Int.
Immunopharmacol. 38 (2016) 357-366, https://doi.org/10.1016/j.intimp.2016.
05.001.

D. Strassheim, K. Asehnoune, J.S. Park, J.Y. Kim, Q. He, D. Richter, et al.,
Modulation of bone marrow-derived neutrophil signaling by H202: disparate ef-
fects on kinases, NF-kappaB, and cytokine expression, Am. J. Physiol. Cell Physiol.
286 (2004) C683-C692, https://doi.org/10.1152/ajpcell.00296.2003.

M.C. Chang, H.H. Chang, T.M. Wang, C.P. Chan, B.R. Lin, S.Y. Yeung, et al.,
Antiplatelet effect of catechol is related to inhibition of cyclooxygenase, reactive
oxygen species, ERK/p38 signaling and thromboxane A2 production, PLoS One 9
(2014) e104310, , https://doi.org/10.1371/journal.pone.0104310.

A.J. Begonja, J. Geiger, N. Rukoyatkina, S. Rauchfuss, S. Gambaryan, U. Walter,
Thrombin stimulation of p38 MAP kinase in human platelets is mediated by ADP
and thromboxane A2 and inhibited by ¢cGMP/cGMP-dependent protein kinase,
Blood 109 (2007) 616-618, https://doi.org/10.1182/blood-2006-07-038158.


https://doi.org/10.1016/j.steroids.2007.07.007
https://doi.org/10.1074/jbc. M112.429936
https://doi.org/10.1074/jbc. M112.429936
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0225
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0225
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0230
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0230
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0230
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0235
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0235
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0240
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0240
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0240
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0245
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0245
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0245
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0250
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0250
https://doi.org/10.3109/00365513.2010.550312
https://doi.org/10.3109/00365513.2010.550312
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0260
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0260
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0260
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0265
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0265
https://doi.org/10.1172/JCI973
https://doi.org/10.1161/01.ATV.0000105889.29687.CC
https://doi.org/10.1124/jpet.107.122853
https://doi.org/10.1161/ATVBAHA.107.159178
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0290
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0290
http://refhub.elsevier.com/S0024-3205(19)30627-7/rf0290
https://doi.org/10.1111/jth.13738
https://doi.org/10.1111/jth.13738
https://doi.org/10.1160/TH16-07-0586
https://doi.org/10.1160/TH16-07-0586
https://doi.org/10.1073/pnas.0609778104
https://doi.org/10.1073/pnas.0609778104
https://doi.org/10.1016/j.intimp.2016.05.001
https://doi.org/10.1016/j.intimp.2016.05.001
https://doi.org/10.1152/ajpcell.00296.2003
https://doi.org/10.1371/journal.pone.0104310
https://doi.org/10.1182/blood-2006-07-038158

	Inhibitory effects of hydrogen on in vitro platelet activation and in vivo prevention of thrombosis formation
	Introduction
	Materials and methods
	Animals
	Reagents
	Tail bleeding time assay
	Experimental thrombosis models
	Arterio-venous shunt thrombosis model
	Ferric chloride-induced arterial thrombosis model

	Perfusion studies
	Platelet aggregation detection
	Preparation of washed platelets
	Flow cytometry analysis of P-selectin exposure and platelet fibrinogen binding
	Determination of levels of ROS and NO in platelets
	Measurement of levels of MDA, NO and SOD
	Measurement of release of TXB2 from platelets and cGMP formation
	Western blot analysis of p-ERK1/2
	Statistical analysis

	Results
	HRS significantly prolonged tail bleeding time in mice and rats
	HRS decreased thrombus weight and prolonged the time to occlusion in thrombosis models
	HRS attenuated platelet adhesion to fibrinogen
	HRS inhibited platelet aggregation induced by ADP, collagen and H2O2
	HRS reduced α-granule secretion and TXA2 release in H2O2-exposed platelets
	HRS reduced αIIbβ3 activation
	HRS improved oxidative status in mouse and rat platelets treated with H2O2 and in plasma of rats with FeCl3-induced carotid arterial thrombosis
	HRS increased cGMP formation and reduced phosphorylation of ERK1/2 in H2O2-induced platelets

	Discussion
	Conclusion
	mk:H1_29
	Acknowledgements
	References




