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A B S T R A C T

Since the anti-inflammatory effect of hydrogen has been widely known, it was supposed that hydrogen could
suppress tissue damage by inhibiting virus-related inflammatory reactions. However, hydrogen is slightly soluble
in water, which leads to poor effect of oral hydrogen-rich water therapy. In this study, the nano-bubble hydrogen
water (nano-HW) (about 0.7 ppm) was prepared and its therapeutic effect against viral infection was investigated
by utilizing spring viraemia of carp virus (SVCV)-infected zebrafish as model. Three-month-old zebrafish were
divided into nano-HW treatment–treated group and aquaculture water treated group (control group). The results
revealed that the cumulative mortality rate of SVCV-infected zebrafish was reduced by 40% after treatment with
nano-bubble hydrogen water, and qRT-PCR results showed that SVCV replication was significantly inhibited.
Histopathological examination staining showed that SVCV infection caused tissue damage was greatly alleviated
after treatment with nano-bubble hydrogen water. Futhermore, SVCV infection caused reactive oxygen species
(ROS) accumulation was significantly reduced upon nano-HW treatment. The level of proinflammatory cytokines
IL-1β, IL-8, and TNF-α was remarkably reduced in the nano-HW-treated group in vivo and in vitro. Taken together,
our data demonstrated for the first time that nano-HW could inhibit the inflammatory response caused by viral
infection in zebrafish, which suggests that nano-HW can be applied to antiviral research，and provides a novel
therapeutic strategy for virus-caused inflammation related disease.
1. Introduction

Since the first report about clinical application of high-pressure H2 on
treating squamous cell carcinoma in hairless albino mice (Dole et al.,
1975), the gas has been demonstrated to have significant anti-tumor,
anti-inflammatory, and anti-oxidation effect (Iuchi et al., 2016; Wata-
nabe et al., 2017; Sim et al., 2020). Recent studies of clinical study of H2
mainly focus on its anti-tumor effect which can effectively eliminate
endometrial cancer growth in a xenograft mousemodel by facilitating the
death of cancerous cells and initiating pyroptosis mediated by the
GSDMD pathway (Yang et al., 2020b). Cancer prognosis can be improved
in guinea pigs by inhalation of H2 due to its effect on reducing the
number of terminal PD-1þCD8þT cells by stimulating mitochondrial ac-
tivity (Xu et al., 2018). In addition, H2 can disturb cancer growth by
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relieving oxidation stress (Wu et al., 2019), and it can also alleviate side
effects caused by chemotherapy and radiotherapy (Ishibashi et al., 2015).
Clinical research conducted by Chen et al. has shown that physical con-
ditions of 41.5% of patients with stage III or stage IV cancer was
ameliorated after four weeks of H2 inhalation (Chen et al., 2019). Chen
et al. has also shown that combined treatment of H2 and chemotherapy
alleviates lung cancer symptom more significantly than using chemo-
therapy individually (Chen et al., 2020).

Apart from cancer treatment, H2 has also been reported to have ef-
fects on regulating endoplasmic reticulum stress (Zhao et al., 2019),
treating Parkinson's disease by restraining nigrostrital degeneration
development (Fu et al., 2009), and maintaining cardiac health and for
cardiovascular disease prophylaxis (Zhuang et al., 2019). Though there
are many reports of H2 treatment from a great variety of diseases,
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research on H2 treatment of viral infected diseases is still limited. China
National Health Commission stated in Chinese Clinical Guidance for
COVID-19 Pneumonia Diagnosis and Treatment (7th edition) suggests
that inhaling H2 can improve respiratory system condition, which espe-
cially results in dyspnea amelioration (Guan et al., 2020). When treating
COVID-19 using ventilators, inhaling H2 contained gas can result in
alleviation of lung injury due to its effect on promoting anti-apoptotic
protein expression (Huang et al., 2010), which may also eliminate P53
signaling pathway and apoptosis activation therefore dwindle risk of
developing lymphopenia (Xiong et al., 2020). However, the mechanism
for its therapeutic effect is still unclear.

Although H2 has been widely accepted as antioxidant and antitumor
reagent, the particle utilization of H2 treatment is still limited due to poor
accessibility of hydrogen to body parts (Yang et al., 2020a). H2 has been
reported to be slightly soluble in water, making effectiveness of oral
hydrogen-rich water therapy lower than expected (Iida et al., 2016).
Recently, nano-bubble technology was established that has been devel-
oped in medical, pharmaceutical, and dental applications (Kato et al.,
2020; Xiao et al., 2021). Nano-bubbles in liquids exhibit excellent sta-
bility and permeability. Recent technology can increase H2 solubility by
producing nano-bubbles hydrogen water, which may lead to stronger
effectiveness of hydrogen treatments.

Spring viremia of carp virus (SVCV) is a pathogen causing spring
viremia of carp (SVC), a highly contagious and haemorrhagic disease in
cyprinids. As a member of the genus Spirivivirus belonging to Rhabdo-
viridae family, SVCV is an enveloped, bullet-shaped virus with a size of
80–180 nm in length and 60–90 nm in diameter. The genome of SVCV is
composed of linear, negative-sense, single-stranded RNA (ssRNA). SVCV
is a notifiable pathogen on the OIE-World Organization for Animal
Health list. The fatality rate of SVC can reach up to 90% in spring when
water temperature is between 10 and 17 �C (Ahne et al., 2002). The virus
has been detected in spleen, liver, brain, kidney, and intestinal of infected
fish. Multifocal necrosis and non-purulent inflammation often occur in
the pancreas of affected fish, and the heart shows pericarditis and
discontinuous myodegeneration (Misk et al., 2016). In the intestine,
perivasculitis with subsequent atrophy of the villi is often observed
(Ahne et al., 2002; Misk et al., 2016). However, currently, there is no
effective therapeutic method or drug for SVCV infection.

In this study, we used SVCV infected zebrafish as a model and found
that nano-HW can reduce the inflammatory response induced by SVCV
infection and increase the host's resistance to viral infections. These
findings may provide new understanding on functions of nano-HW about
anti-inflammatory response in zebrafish model in addition to its effect on
anti-tumor, anti-inflammatory, and anti-oxidation.

2. Methods and materials

2.1. Preparation and measurement of nano-bubble hydrogen water

An apparatus (a microporous hydrogen-gas bubbling emittance-
terminal from Japan), which can produce nano-bubble hydrogen-dis-
solved water, produces nano-bubble hydrogen water (nano-HW) by
shearing bubbles in hydrogen water. We prepared nano-bubble
hydrogen-dissolved water from the purified water using the apparatus.
Nano-sized hydrogen bubbles in nano-HW were analyzed using Nano-
particle Tracking Analysis (Zetasizer; Malvern, UK). The water samples
were stored at 4 �C in a screwcapped aluminum container without air
exchange. Each sample was tested 2 times.

2.2. Fish cell lines and viruses

The zebrafish embryo (ZF4) cells (ATCC® CRL-2050™) were
maintained in DMEM/F-12 (Hyclone, USA) with 10% FBS (Gibco,
Australia) at 28 �C. The epithelioma papulosum cyprini (EPC) cells
(ATCC CRL-2872) were maintained at 28 �C in Medium 199 (Hyclone,
USA) supplemented with 10% FBS (Gibco, Australia). SVCV (ATCC: VR-
278
1390) was used for viral infection in this study and viral titers were
determined by plaque assay.

2.3. Zebrafish

Zebrafish were purchased from China Zebrafish Resource Centre
(CZRC) and the care, breeding, feeding and challenging were carried out
in strict accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health.

2.4. Experimental infection

Adult zebrafish (0.6 � 0.1 g, n ¼ 120) were divided into four groups,
with two groups maintained at ordinary aquaculture water and two
groups in nano-bubble hydrogen water. In nano-HW treated group,
zebrafish were raised in receptacles containing 2 L of nano-HW. The
water was changed every 4 h by removing 1 L of water in the receptacle
and replacing it with 1 L of nano-HW, to maintain the concentration of
hydrogen in the water at a relatively high level. In order to be consistent,
the other two groups were also replaced half of the previous water with
fresh water. The fish were adapted to their respective feeding conditions
for 7 days before infection. Two out of four groups were intraperitoneally
(i.p.) injected with 10 μL (~2 � 108 PFU/mL) SVCV suspension per fish.
The i.p. Injection of Medium 199 was used as a control.

2.5. Virus infection of ZF4 cells

For virus infection assays, ZF4 cells were infected with SVCV at a
multiplicity of infection (MOI) of 1 at 28 �C. After 1 h virus absorption,
cells were washed with PBS for three times, and subsequently maintained
in M199 supplemented with 5% FBS.

2.6. Quantitative real-time PCR (qRT-PCR)

Total SVCV RNA was extracted using TRIzol Reagent (TAKARA,
Japan) according to the instruction of manufacturer. The reverse tran-
scription was carried out using the ReverTra Ace qPCR RT kit (TAKARA).
The relative expression of each cDNA was determined by qRT-PCR using
TB Green Realtime PCR Master Mix (TAKARA). Amplification was per-
formed for 5 min at 95 �C, followed by 40 cycles of 95 �C for 15 s, 60 �C
for 20 s, and 72 �C for 20 s. Fluorescent signals were analyzed by a Light
Cycler/Light Cycler 480 System (Roche, Switzerland). The relative
mRNA levels were calculated using the 2�ΔΔCT (where CT is threshold
cycle) method. All the primers employed in this study are listed in Sup-
plementary Table S1.

2.7. Pathological section for Hematoxylin and eosin (H&E) staining

As for the pathological sections, the intestinal and brain were fixed in
4% (v/v) paraformaldehyde and were routinely processed, sectioned at 5
mm. The standard H&E staining protocol was followed for tissue stain-
ing. The H&E-stained sections were analyzed for virus-induced damages.
Images were obtained using a Zeiss Axio Imager Z2 microscope and
analyzed with the ZEN software (Carl Zeiss MicroImaging).

2.8. Viral plaque assay

Viruses were serially diluted and inoculated onto monolayers of EPC
cells. After 1 h of absorption, cells were washed with serum-free DMEM
and cultured in DMEM containing 3% fetal bovine serum and 1.5% so-
dium carboxymethyl cellulose (Sigma-Aldrich, USA). Visible plaques
were counted, and viral titers were calculated after 3 days of incubation.

2.9. Reactive oxygen species (ROS) and O2� staining assay

Total intracellular ROS in the mixed tissues (kidney, intestine, brain,
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liver and spleen) of mock-infected and SVCV-infected zebrafish at 1, 3, 5
and 7 days post-infection based on 2,7-dichlorofuorescin diacetate
(DCFH-DA) was measured with a Reactive Oxygen Species Assay Kit
according to the manufacturer's instructions (E004, Jiancheng, Nanjing,
China). O2� in the mixed tissues was also examined with Dihydroethi-
dium (DHE) probes according to the manufacturer's instructions (S0063,
Beytome, Hangzhou, China). The fluorescence intensities were measured
on the Synergy HTXMulti-Mode Reader (Winooski, USA) with excitation
at 300 nm and emission at 535 nm.

2.10. Statistics analysis

All statistical analyses and calculations were done using GraphPad
Prism 7.0 (GraphPad Software Inc, USA). The significance of the vari-
ability between different treatment groups was determined by two-way
analysis of variance. A P value of <0.05 was considered statistically
significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns
means no significant difference. Data are expressed as means � standard
deviations of results from three independent experiments.

3. Results

3.1. Characteristics of hydrogen nano-bubble water (nano-HW)

Given that it is easy for the dissolved hydrogen to escapes from the
water, the hydrogen molecules were wrapped in nano-sized fine bubbles,
which increases the stability of hydrogen molecules in water. The Zeta-
sizer analysis showed that the average size of the bubbles was about 200
nm in fresh nano-HW (Fig. 1A). Nano-HW had a dissolved hydrogen
concentration of about 0.7 ppm, and the hydrogen nano-bubble can exist
for about 12 h. However, in aquaculture water rearing zebrafish,
hydrogen nano-bubbles reduced more quickly. In addition, in superna-
tant of ZF4 cell culture, hydrogen can be maintained for about 4 h above
0.09 ppm (Fig. 1B). These data suggest that hydrogen concentrations in
nano-HW decrease slowly with time.
Fig. 1. Parameters of hydrogen nano-bubbles in nano-bubble hydrogen water
(nano-HW). A Sizes of hydrogen bubbles in nano-HW were measured with a
Nano Sight LM10V-HS system and analyzed using Zetasizer software. B Con-
centration of hydrogen nano-bubbles in nano-HW samples at different time post-
treatment. The experiment was repeated for two times.
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3.2. Nano-HW treatment reduces the mortality of SVCV-infected zebrafish

To evaluate the effect of nano-HW on virus-caused inflammation,
zebrafish was infected with SVCV and then treated with nano-HW. The
cumulative mortality rate of SVCV-infected zebrafish reached up to 80%
at 10 dpi. Upon nano-HW treatment, the cumulative mortality rate of
zebrafish was reduced to 40% (Fig. 2A). To further determine the anti-
viral activity of nano-HW, the expressions of SVCV G protein mRNA
and the virus titer in zebrafish were measured. The result showed that
nano-HW significantly inhibits SVCV replication and viral particle pro-
duction (Fig. 2B and C).

3.3. Nano-HW improves intestinal and brain damage in SVCV-infected
zebrafish

Hydrogen can ameliorate tissue damage caused by inflammation. The
role of nano-HW in tissue damage induced by SVCV was verified. Sam-
ples at 5 dpi were collected, since the most severe clinical symptoms
appeared on day 5 post-infection, as shown in Fig. 3A and Fig. 3B, the
midgut of zebrafish is selected for H&E staining. The intestinal villi and
intestinal wall of zebrafish were severely damaged after the virus infec-
tion. Compared with the zebrafish in untreated group, the intestinal
tissue damage of those in nano-HW treated group was obviously allevi-
ated in general, although intestinal villi were still shorted, and lympho-
cyte infiltration was slightly increased, compared to the zebrafish in
uninfected group. The brain tissues were also harvest for H&E staining
(Fig. 3C and D). The histopathological pictures showed obvious necrotic
changes in the brains of SVCV-infected zebrafish compared with those of
uninfected zebrafish. As expected, the brain tissue damage was potently
attenuated after the nano-HW treatment. The results further support the
conclusion that nano-HW treatment alleviated the tissue damage of SVCV
infected zebrafish.

3.4. Repressive effects of Nano-HW on SVCV-Induced ROS generation in
zebrafish

Since the nano-HW is reported to affect oxidative stress (Ohsawa
et al., 2007; Hirayama et al., 2018), total ROS in mock-infected and
SVCV-infected zebrafish was monitored using a Reactive Oxygen Species
Assay Kit based on 2, 7-dichlorofuorescin diacetate (DCFH-DA) probes.
SVCV infection in zebrafish increased ROS accumulation at 3, 5 and 7
days post infection and peaked at 5 days post infection. After nano-HW
treatment, the total ROS was significantly reduced (Fig. 4A). Further,
dihydroethidium (DHE), a non-fluorescent cell-permeable indicator for
O2�, was used to quantify the amount of O2� after SVCV infection in
zebrafish. The amount of O2� at 1, 3, 5 and 7 days post infection was
significantly increased comparing with that in mock-infected zebrafish.
However, the amount of O2� was significantly reduced upon nano-HW
treatment (Fig. 4B).

3.5. Nano-HW alleviates the inflammatory response caused by SVCV
infection in zebrafish

Since it is well known that hydrogen can reduce inflammation (Liu
et al., 2013; Kajisa et al., 2017), the physiological role of nano-HW on
SVCV-caused inflammation was determined. To this end, the mRNA levels
of pro-inflammatory cytokines IL-1β, IL-8, and TNF-α in response to viral
infection was examined. As shown in Fig. 5A–C, nano-HW treatment
resulted in reduced expression of IL-1β, IL-8, and TNF-α in SVCV infected
Zebrafish.

3.6. Nano-HW reduces SVCV-induced inflammatory response in ZF4 cells

To further confirm the effect of nano-HW on SVCV caused inflam-
mation in vitro, the impact of nano-HW on the inflammation was exam-
ined in ZF4 cells. As expected, treatment with nano-HW prepared



Fig. 2. Antiviral activity of nano-HW against SVCV in zebrafish. A Survival of zebrafish in the presence and absence of HW treatment. Size- and age-matched zebrafish
(0.6 � 0.1 g) were injected with 10 μL of SVCV suspension (~2 � 108 PFU/mL) per fish, and then treated with nano-HW. B Viral gene expression in nano-HW-treated
and untreated zebrafish. The relative mRNA expression of SVCV G protein was examined by qRT-PCR in mixed tissues from 3 fish on 1, 3, 5 and 7 dpi. C The virus titer
in nano-HW-treated and untreated zebrafish. The viral titer was measured by standard plaque assay with EPC cells. Viral particles in mixed tissues were titered on days
1, 3, 5, and 7 post-infection. Each value was represented as mean � SEM of three fishes. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns means no sig-
nificant difference.

Fig. 3. Histopathology of tissues from nano-HW-treated and untreated zebrafish. Tissue section of intestines (A and B) and brain (C–D) on day 5 post-infection were
subjected to H&E stain. Images represent the 20 � (Scale bar ¼ 100 μm in A and C) or 40 � (Scale bar ¼ 50 μm in B and D) of H&E staining.
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Medium resulted in reduced expression of IL-1β, IL-8, and TNF-α in SVCV
infected ZF4 cells compared with the untreated cells (Fig. 6A–C). In
addition, we further evaluated the titers of SVCV in nano-HW treated ZF4
cells. The results show that there is a significant difference between the
two groups at 12 h after SVCV infection, but there is no significant dif-
ference between 24 h and 36 h after SVCV infection (Fig. 6D).

4. Discussion

Since hydrogen has great potential in the regulation of oxidative
stress, inflammation, energy metabolism of organelles, and programmed
280
cell death, many in vivo experiments and clinical trials have established
the protective effects of hydrogen on different organs and systems. For
example, hydrogen rich water can suppress oxidative stress and inflam-
matory response and thus provide protective effect on permanent focal
cerebral ischemia (Kato et al., 2020). However, hydrogen molecules are
very small and hardly soluble in water, which limits the clinical effec-
tiveness of hydrogen. In order to increase the solubility of hydrogen in
water, nano-bubbles wrapping the hydrogen like a capsule were prepared
by a microporous hydrogen-gas bubbling emittance-terminal. Due to the
high stability of nano-bubbles in water, hydrogen-rich water with higher
concentration was made, which would be beneficial for clinical



Fig. 4. Effects of nano-HW on SVCV-Induced ROS production in zebrafish.
ATotal reactive oxygen species were measured in mixed tissues (kidney, intes-
tine, brain, liver and spleen) at 1, 3, 5, and 7 dpi with 2, 7-dichlorofuorescin
diacetate (DCFH-DA) probes. B Superoxide anion was monitored in mixed tis-
sues (kidney, intestine, brain, liver and spleen) using dihydroethidium (DHE) at
1, 3, 5, and 7 dpi. Each value was represented as mean � SEM of three fish. *P <

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns means no signifi-
cant difference.
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utilization. In the present study, we found that the number of hydrogen
nano-bubbles remained at high level in HW for a long storage time,
supporting that hydrogen nano-bubbles are relatively stable in water
(Fig. 1B).

Most of previous studies about clinical use of hydrogen focused on its
effect on cancer therapy. For instance, it was shown that nano-HW could
suppress human esophagus cancer with the present of plati-
num–povidone (Jackson et al., 2018), and it can be utilize in high-fat-diet
nonalcoholic fatty liver disease using mouse model (Li et al., 2012). The
concentration of HW used in the above experiment is 0.2 mg/L
(approximately 0.2 ppm). Our study for the first time utilized the
nano-HW with concentration of 0.7 ppm for therapy of inflammation
caused by viral infection. The high concentration of nano-HW may pro-
vide stronger therapeutic effect than that used in the previous studies.

To date, zebrafish have been widely employed as an animal model to
investigate the pathogenesis of cancer and viral diseases (Novoa and
Figueras, 2012; Brown et al., 2017; Zou and Nie, 2017; Yao et al., 2020).
Infection with SVCV can result in body surface bleeding of zebrafish and
eventual death (Wang et al., 2017). Zebrafish live in an aquatic
Fig. 5. Effect of nano-HW on the inflammatory response in SVCV- infected zebrafish
tissues (kidney, intestine, brain, liver and spleen) of SVCV- infected zebrafish on 1
experiment was repeated for three times. *P < 0.05, **P < 0.01, ***P < 0.001, ***
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environment, which benefits the absorption of hydrogen from nano-HW.
Therefore, in this study, the SVCV-infected zebrafish were employed as
an in vivo model to verify the function of nano-HW on viral-infection
induced inflammation. We found that nano-HW can reduce the inflam-
matory response induced by SVCV infection and increase the host's
resistance to viral infections. However, whether the similar effect of
Nano-hydrogen would be shown in mammals is still needed for further
investigation. It is possible to increase the absorption in mammals by
making nano-HW using normal saline and inject in to the mammalians.
Nevertheless, the safety of this method will need to be evaluated.

In our experiment, a decreased mortality rate of SVCV-infected
zebrafish was observed upon nano-HW treatment (Fig. 2A), which is
possibly related with the inhibitory effect of hydrogen molecules on
inflammation response. Apart from the suppression of inflammatory
factors, our experiment has also shown the effect of hydrogen on
reducing viral load in infected organs (Fig. 2C). This is possibly due to the
improvement of antiviral environment of host by alleviation of over-
activated inflammation response.

We also examined the effects of nano-HW on tissue damage induced
by SVCV. The H&E staining results suggest that treatment of nano-HW
could alleviate the tissue damage of intestinal but not eliminate the
damage. Compared with the zebrafish in uninfected group, intestinal villi
were still shortened, and lymphocyte infiltration was slightly increased
after nano-HW treatment. This may be caused by the oxidative damage.
Molecular oxygen in water may be decreased on the process of creating
nano-HW. Therefore, oxygen deprivation may also result in oxidative
damage. However, further studies are needed to clarify this issue.

Molecular hydrogen is known to possess anti-oxidative properties
(Ohsawa et al., 2007). Therefore, nano-HW may protect zebrafish against
SVCV induced oxidative damage. In this study, the ROS level was lower in
nano-HW-treated group than in the control group (Fig. 4). The results
indicate that nano-HW could reduce oxidative damage in zebrafish tissues.

The anti-inflammatory effect of hydrogen has already been reported
in many studies. Therefore, we expected that nano-HW would reduce
expression of inflammatory factors in zebrafish. In this study, nano-HW
treatment down-regulated the mRNA expression of inflammatory fac-
tors in SVCV-infected zebrafish (Fig. 5). In an in vitro study, we also found
that nano-HW can reduce the expression of inflammatory factors and
inhibit the production of virus particles. However, the plaque results
showed that the virus titer can be significantly inhibited only at 12 h post
infection. According to the results in Fig. 1B, we suspected that it was
caused by the exhaustion of hydrogen in the medium. However, further
research is required to clarify the underlying mechanisms.

In conclusion, our study demonstrated for the first time the anti-
inflammation effect of Nano-hydrogen bubbles in virus infected zebra-
fish and cells. We found that nano-HW exhibits excellent stability, and
fishes can fully absorb Nano-hydrogen molecules that dissolved in water
as they live in aquatic environment. This study provides us new under-
standing of nano-HW function and novel therapeutic strategy for virus-
caused inflammation.
. The IL-1β (A), IL-8 (B), and TNF-α (C) mRNA levels were examined in mixed
, 3, 5 and 7 dpi. Each value represented the mean � SEM of three fish. The
*P < 0.0001. ns means no significant difference.



Fig. 6. Effect of nano-HW on the inflammatory response in SVCV- infected ZF4 cells. ZF4 cells were cultured in DMEM/F-12 medium or nano-HW-prepared DMEM-
F12 medium to reach to a logarithmic growth. ZF4 cells were infected with SVCV (1 MOI), and the mRNA expression levels of IL-1β (A), IL-8 (B), and TNF-α (C) were
quantified by qRT-PCR at 12 hpi. The SVCV titer (D) of infected ZF4 cells was determined at 6, 12, 24, and 36 hpi. All data are representatives of three independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns means no significant difference.
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