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Objective Our research was performed in order to explore the effects of
molecular hydrogen (H2), a novelly-established antioxidant, on the retinal
degeneration in rd1 mice, an animal model of inherited retinitis pigmentosa (RP).

Methods The rd1 mice were divided randomly into control and H2 intervention
groups. Mice from other groups received H2 intervention in three modes, two
modes of the hydrogen gas (HG) and one model of hydrogen-rich saline (HRS). At
14 days post born (P14) and P21, various indicators were detected in all mice,
including eletroretinogram (ERG), fundus phography, optical coherence
tomography (OCT), and retinal immunotaining of microglia cells’ marker, Iba1.

Results The ERG amplitude in mice from the control and H2 intervention groups
showed no statistical differences (p > 0.05). At P14 and P21, no significant
difference in the distance from the retinal pigment epithelium to the outer
plexiform layer on OCT from mice of the above two groups was found (p >
0.05). The thickness of the outer nuclear layer (ONL) in mice at P14 and
P21 showed no statistical differences between the control group and the H2

intervention group (p > 0.05). In the aspect of the number of Iba1-positive cells, we
did not found any significant differences between the two groups (p > 0.05).

Conclusion Different forms of H2 intervention (hydrogen-rich saline and
hydrogen gas) had no obvious effects on the course of retinal degeneration in
rd1 mice. The specific mechanism of photoreceptor degeneration in the
hereditary RP mouse model may be different, requiring different medical
interventions.
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Introduction

Retinitis pigmentosa (RP) has been well-known as a group of
hereditary retinal diseases, which reserve the characteristics of
progressive photoreceptor apoptosis and retinal degeneration (Liu
et al., 2022). RP, with a worldwide prevalence of about 1/4,000,
could lead to severe vision loss and blindness, causing great
suffering for the life and family of patients (Daiger et al., 2013).
Although gene therapy shows great potential in the treatment of RP,
the high heterogeneity of more than 2000 mutation points makes the
therapeutic effect far from satisfactory (Dvoriantchikova et al., 2022).
Photoreceptor apoptosis is a common process in RP, and is the main
cause of visual impairment. However, no effectivemedications currently
exist to combat this in the clinic. New medicines for delaying or
ameliorating RP are urgently required. Oxidative stress has been
argued to be a vital part of evoking and enlarging the photoreceptor
apoptosis in RP (Kanan et al., 2022). Data from previous researches
suggested that substances that reduce oxidative stress were able to
alleviate retinal degeneration in an RPmicemodel (Vingolo et al., 2022).

Recently, molecular hydrogen (H2) has emerged as a novel
antioxidant due to its inherent properties of anti-oxidation and anti-
inflammation (Tian et al., 2021).With its relatively lowmolecular mass,
it can rapidly disseminate and penetrate cell membranes, enabling a
broad spectrum of biological effects (Nogueira and Branco, 2021). H2

has been documented to exhibit therapeutic effects in a multitude of
diseases, primarily by selectively diminishing the amount of reactive
oxygen species (ROS) (Zhang et al., 2022a). In addition, its application
of hydrogen gas (HG) has recently been recommended in the
Coronavirus disease-2019 (COVID-19) pneumonia treatment
guidelines of China recently (Alwazeer et al., 2021). In our previous
investigation, it was observed that hydrogen-rich saline (HRS)
effectively suppressed the progression of retinal degeneration in a rat
model of induced RP (Chen et al., 2016; Yan et al., 2017a). However, the
impact of H2 on retinal degeneration in inherited RP remains
unexplored in existing literature.

In the current study, different forms of H2 were administered to
explore their effect on retinal degeneration in rd1mice, a commonly
employed inherited mouse model that exhibits key pathological
traits of human RP (Nishiguchi et al., 2015; Leclercq et al., 2021).
Our goal was to observe whether H2 intervention could alleviate
photoreceptor degeneration in this inherited RP model, in order to
expand the application scope of H2 and provide new intervention
ideas for the treatment of RP.

Materials and methods

Animal preparation

The rd1 mice used in this study were provided by the Aerospace
Clinical Medicine Department of the Air Force Medical University
(License no. #SYXK 2012-004) (Yan W. et al., 2017). The mice were
housed under controlled environmental conditions, with a room
temperature of 22°C–25°C and a standard light-dark cycle of 12 h of
darkness followed by 12 h of light. All animal handling followed the
Association for Research in Vision and Ophthalmology (ARVO)
Statement and was approved by the Animal Care and Use Committee
of the Fuzong Clinical Medical College of Fujian Medical University.

H2 administration

For HRS
Briefly, HRS was prepared by dissolving hydrogen gas in saline

under high pressure (0.4 MPa) for 6 h, resulting in a supersaturated
solution. Fresh HRS was prepared on a weekly basis to ensure a
concentration above 0.6 mM, which was verified using a gas
chromatographic method as described previously (Yan et al., 2017c).
The HRS was stored in an aluminum bag without any dead volume at a
temperature of 4°C, under normal atmospheric pressure.

The rd1 mice were randomly divided into the control and HRS
groups (n = 6). Mice in the HRS group were administered a daily
intraperitoneal injection of 10 mL/kg HRS from the 7 days post born
(P7) until P21. Mice in the control group received daily intraperitoneal
injections of the same dose of saline. The corresponding indicators of
the HRS-induced effects were observed at P14 and P21.

For HG
As previously reported (Yan et al., 2018), to generate a high

concentration of H2, an AMS-H-01 hydrogen oxygen nebulizer
(Asclepius, Shanghai, China) was utilized, capable of extracting 67%
H2 and 33% O2 from water. The H2-O2 mixture was then diluted with
N2 (nitrogen gas, product code #12321128, Shaanxi XingHua Chemical
Co. LTD., Xi’an, China) to achieve a standard O2 concentration of 21%.
As a result, a final H2 concentration of 44% was attained.

The rd1 mice were randomly divided into three groups: control,
hydrogen 1 group (HG1), and hydrogen 2 group (HG2) (n = 6). In the
HG1 group, themice inhaled a high concentration of hydrogen gas (44%)
for 4 h once a day in a sealed container frombirth to P21. TheHG2 group
mice, on the other hand, inhaled the same high concentration of
hydrogen gas (44%) continuously for 24 h each day from birth to
P21. The gas flow rate was maintained at 3 L/min. Throughout the
inhalation process, the mice were awake and allowed to move freely
within a designated gas chamber. The concentration ofH2 in the chamber
was monitored using thermal trace GC ultra-gas chromatography
(Thermo Fisher, MA, USA). Mice in the control group were raised in
a container from birth to P21 with normal environmental gas. The
corresponding indicators were observed at P14 and P21 (Figure 1,
Supplementary Figure S1 and Supplementary Table S1).

ERG examination

Electroretinography (ERG) was conducted following the methods
described in a previous study (YanW. et al., 2017). All ERG parameters
were recorded and analyzed in accordance with the guidelines provided
by the International Society for Clinical Electrophysiology of Vision
(ISCEV), by a technician who was unaware of the animal grouping and
treatment (McCulloch et al., 2015). Briefly, mice underwent dark
adaptation for more than 12 h before the experiment and were then
deeply anesthetized. Pupils were dilated by applying a 0.5% of
tropicamide ophthalmic solution (Shenyang XingjiCorporation,
China), and a ring electrode was attached to the center of the cornea
as the active electrode. Reference and ground electrodes were inserted
beneath the skin and tail, respectively. The dark-adapted 3.0 ERG
responses were recorded using a full-field (Ganzfeld) stimulation and
a computer system (RETI port; Roland, Germany) with a light intensity
of 3.0 cd.s.m−2 under scotopic conditions. All operations were conducted
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under scotopic conditions, with the help of a dim red light to maximize
retinal sensitivity according to the guidelines of ISCEV.

Fundus photography and OCT scanning

The animals were administered a combination of pentobarbital
(Sigma-Aldrich, US) and Sumianxin II (Dunhua, China) via injection
for anesthesia, and their pupilswere dilated. Sodiumhyaluronate gel (Jinan,
China) was applied to cover the corneas, which were then attached to the
camera lens of a Retinal Imaging System and 4D-ISOCT Microscope
Imaging System (ISOCT, OptoProbe, Canada) to capture fundus and
optical coherence tomography (OCT) images (Yan et al., 2021). To
measure the distance between the inner border of the outer plexiform
layer (OPL) and the retinal pigment epithelium (RPE), 400 μm from both
sides of the optic disc, the OCT Image Analysis Software was utilized.

Measurement of outer nuclear layer (ONL)
thickness on the retina histology

At P14 and P21, mice (n = 6) were euthanized with an
intraperitoneal injection of a lethal dose of sodium pentobarbital,
and their eyes were quickly removed. The eyecups were collected
and embedded in paraffin. Serial sections with a thickness of 3 μm
were sliced. Three sections from each eye, including the optic nerve,
were stained with hematoxylin and eosin (HE). Images of the
sections were captured using a digital imaging system (DP71,
Olympus, Japan) and analyzed by counting the number of rows

of the outer nuclear layer (ONL) at high magnification (×400) in a
region located 200 μm away from the optic nerve on both sides.

Immunofluorescence staining of Iba1

Vertical retinal sections were deparaffinized in xylene and then
rehydrated using a series of graded ethanol solutions. For antigen
retrieval, the sections underwent heat treatment in a microwave and
were subsequently incubated with 10% normal goat serum (Boster,
Wuhan, Hubei Province, China) for 1 h at room temperature.
Immunostaining was performed by applying a polyclonal rabbit
anti-ionized calcium-binding adapter molecule 1 (Iba1, Wako
Chemicals, Japan) antibody at a 1:500 dilution to the slides, which
were then left overnight at 4°C. After rinsing with PBS, a secondary
antibody (goat anti-rabbit IgG conjugated to Alexa Fluor 594, #ZF-
0516, ZSGB-BIO, Beijing, China) was applied at a 1:500 dilution. DAPI
(Beyotime, Nantong, China) was used for counterstaining the retinal
sections. Images of retinas located 200 μm temporal to the optic nerve
were captured using a digital immunofluorescence microscope imaging
system (DP71, Olympus, Japan). The number of microglial cells in the
three sections including the optic nerve, was counted under high
magnification (×400) and averaged for each eye.

Statistical analysis

The data were presented as mean ± standard deviation and
analyzed using one-way analysis of variance (ANOVA) with SPSS

FIGURE 1
Schematic of the experimental process for studying the effects of hydrogen gas on RP on rd1mice. (A)Overview of the entire experiment, including
hydrogen and oxygen produced by water electrolysis and nitrogen extracted from a nitrogen cylinder, which were introduced into the cage containing
the mice via the corresponding pipelines. (B) The introduction of gases to the mouse cage, with the thin tube being the nitrogen inlet and the thick white
tube being the hydrogen-oxygenmixed gas inlet. (C)Detection of hydrogen gas concentration in the cage using a hydrogen gas analyzer. Before the
use of nitrogen for dilution, the hydrogen concentration was 67%, as shown on the detector screen. (D)Detection of oxygen gas concentration inside the
cage using an oxygen gas analyzer. Dilution of the gases in the cage with nitrogen resulted in an oxygen concentration of 21%. (E)Detection of hydrogen
gas concentration inside the cage again using a hydrogen gas analyzer. With the use of nitrogen for dilution, resulting in an oxygen concentration of 21%,
the hydrogen concentration was 44%.
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software (version 16.0). For multiple comparisons, the Bonferroni
test was employed. Statistical significance was set at p < 0.05.

Results

Effects of H2 on retinal function in rd1 mice

The rd1 mice from the control group had no discernible ERG
waveforms at P14 and P21 compared to normal C57BL/6J mice. rd1
mice from the HRS, HG1, and HG2 groups showed no obvious
waveforms at P14 and P21. The b-wave amplitudes of the dark-
adapted 3.0 ERG response in rd1mice in the control, HRS, HG1, and
HG2 groups were significantly decreased compared to those in
normal mice at both P14 and P21 (p < 0.01). However, there
were no differences among rd1 mice in the control, HRS, HG1,
and HG2 groups (p > 0.05) (Figure 2).

Effect of H2 on retinal morphology in rd1
mice

Typical RP phenotypes of rd1 mice from the control group were
observed under fundus especially at P21, including depigmentation,

retinal vascular atrophy, and sclerosis. The ONL of the mice showed a
high-density shadow on the OCT image at P14. Gradually, the ONL
almost completely disappeared at P21. rd1 mice from the HRS, HG1,
HG2 group the ONL of rd1 mice still showed degenerative retinal
morphology with signs of retinal vascular sclerosis and pigmentation
disorders. TheONLunderOCT showed a high-density shadow at P14 in
rd1mice in the HRS, HG1, and HG2 groups. There were no significant
differences in the distance between the RPE and OPL among rd1 mice
from the control, HRS, HG1, and HG2 groups (p > 0.05) (Figure 3).

HE staining of paraffin sections of retinal pathological tissue
showed that only three to four layers of ONL cells were left in the
rd1 mice of the control group at P14. Only one layer of ONL cells
remained at P21 in the mice. Similarly, three to four layers of ONL cells
remained at P14, and only one layer remained at P21 in rd1mice from
the HRS, HG1, and HG2 groups. There were no significant differences
in the number of ONL cell layers among the rd1 mice in the control,
HRS, HG1, and HG2 groups (p > 0.05) (Figure 4).

Effect of H2 on the activation of microglia
cells in rd1 mice retinas

The results of immunofluorescence staining of the retinal
microglia cells by the specific marker Iba1 showed that the

FIGURE 2
Effect of hydrogen intervention on the retinal function of rd1 mice. Typical ERG waveforms of rd1 mice at P14 and P21 after of intraperitoneal
administration hydrogen-rich saline (HRS) (A, B), after hydrogen gas inhalation for 4 h per day (HG1) (C, D), or after hydrogen gas inhalation for 24 h per
day (HG2) (E, F). (G): The statistical analysis of the b-wave amplitude in the Dark-adapted 3.0 ERG responses of rd1mice after different forms of hydrogen
intervention. HRS: Hydrogen-rich saline intervention; HG1: Hydrogen gas inhalation for 4 h per day; HG2: Hydrogen gas inhalation for 24 h per day;
**: p < 0.01 vs. C57BL/6J mice; None: No detection. Data were representative of 6 independent experiments.
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number of microglia cells in the retina of rd1 mice from the
control group at P21 was lower than that at P14 (p < 0.05). The
number of Iba1-positive cells in the retinas of rd1mice at P14 and
P21 was similar to that in mice from the HRS, HG1, and
HG2 groups. No significant differences were found in the
number of Iba1-positive cells in the retina among rd1 mice
from the control, HRS, HG1, and HG2 groups (p > 0.05)
(Figure 5).

Discussion

In this study, rd1mice, an inherited RPmodel, were treated with
different forms of H2 for various durations. The hydrogen gas
applied in our study was produced through a hydrogen-oxygen
atomizer via electrolysis of water, which led to a gas mixture of
hydrogen-oxygen (67% H2 and 33% O2) (Yan et al., 2018). The
concentration of oxygen was then diluted to be consistent with the
normal atmosphere, and the final concentration of hydrogen gas at
this time was 44%. In view of the available literature, no clear reports
on the dose effect of H2-induced biological effects have been

published. Therefore, only a single hydrogen concentration was
used in this study.

The pathogenic factor in rd1 mice is a nonsense mutation in
the Pde6b gene, resulting in the loss of the PDE6B protein
(Nishiguchi et al., 2015). Defective PDE6B protein expression
in cells leads to reduced cGMP hydrolysis and increased cGMP
levels, causing intracellular calcium overload and subsequent
photoreceptors death (Yan W. et al., 2017). Apoptosis has
been shown to be responsible for the photoreceptors death in
the retina of rd1mice (Wang et al., 2019). ROS are known to play
an important role in photoreceptor apoptosis, which can damage
the cell membrane and release inner components, such as
Cytochrome C, cathepsin, and other hydrolases (Pan et al.,
2020; Kanan et al., 2022). Other studies have reported that
increased glycolytic enzyme activity in rd1 mice leads to
increased ROS production and oxidative stress (Acosta et al.,
2005). Some antioxidant substances were argued to be able to
delay the process of rd1 mice to a certain extent by reducing
oxidative stress, including lutein, zeaxanthin, and α-lipoic acid
(Sahu et al., 2021). In addition, in-vitro culture of photoreceptor
cells revealed that antioxidants rescued the cells from apoptosis
(Chen et al., 2017). The retinal function of rd1 mice in our study
was detected via ERG recording, with the retinal morphology
observed using live OCT, fundus photography, and retinal
histological sections. However, our data showed that H2,
which also has antioxidant properties, was unable to alleviate
retinal degeneration phenotypes or photoreceptor apoptosis in
rd1 mice. In addition, photoreceptor apoptosis of the retina in
rd1 mice was monitored using SIRT1 protein electrophoresis.
SIRT1, which could exist effective biological effects through
antioxidant and antiapoptosis mechanisms (Zhang et al.,
2022b; Li et al., 2022), has been shown to be downregulated in
various animal models of retinal degeneration (Yan et al., 2020).
We previously found that SIRT1 was also decreased in the rd1
mice compared to normal mice. Besides, H2 was showed to
upregulate the SIRT1 protein level and reduced photoreceptors
damage in a MNU-induced RP rat model (Yan et al., 2017a).
However, the result of our present study found that H2 did not
significantly upregulate the level of SIRT1 protein in the retina of
rd1mice (data shown in Supplementary Figure S2). Additionally,
no significant effect on PDE6B protein expression, which is the
underlying pathogenetic mechasism of rd1 mice, was observed by
the H2 intervention (data shown in Supplementary Figure S2).

Microglia activation, a sign of neuroinflammation, has been
reported in the retinas of rd1mice (Zhou et al., 2017). A medication
that inhibits microglial activation has been demonstrated to
attenuate photoreceptor apoptosis (Wang et al., 2017). H2 was
previously argued to reduce microglial activation in other disease
models (Zhao et al., 2020), whereas the results of our study suggest
that it did not significantly interfere with the numbers of microglial
cells in the retina of rd1 mice. However, changes in microglial cell
number may not necessarily reflect changes in microglial activation
state, which requires further investigation. Indeed, in another type of
RP mouse model, the rd6mouse, researchers investigated the effects
of hydrogen water intervention. Their results revealed that hydrogen
water could improve visual function and morphology, but it was
unable to alter the quantity of retinal microglial cells (Igarashi et al.,
2022).

FIGURE 3
Effect of hydrogen intervention on fundus and the alive retinal
morphology in the rd1 mice. The typical images of ocular fundus and
OCT images of rd1 mice with hydrogen intervention at P14 (A) and
P21 (B) after birth and the statistical analysis of the distance from
RPE to OPL (C). HRS: Hydrogen-rich saline; HG1: Hydrogen gas
inhalation for 4 h per day; HG2: Hydrogen gas inhalation for 24 h per
day; OCT: optical coherence tomography; RPE: retinal pigment
epithelium; OPL: outer plexiform layer. N.S.: No significant
differences. Data were representative of 6 independent experiments.
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In view of the above results, one possible reason for the failure of
H2-induced relief in rd1 mice may be the rapid apoptosis of
photoreceptors. Apoptosis of photoreceptors began from the
birth of rd1 mice, and the photoreceptor cells in rd1 mice almost
disappeared within 21 days. H2 is a relatively mild antioxidant that
selectively neutralizes the strong ROS such as, ·OH and ONOO– in
the cellular structure (Ohsawa et al., 2007; Tian et al., 2021). H2

intervention may not be sufficient to produce the expected beneficial
effects. Another inherited RP model, rd10 mice (Olivares-Gonzalez
et al., 2020), with a later onset and slow progression of photoreceptor
apoptosis, might provide a longer window period for medication
intervention.

Another possible reason for the failure of H2-induced relief
might lie in the special mechanism of photoreceptor apoptosis in
the inherited RP model of rd1 mice compared to the induced RP
models (Wei et al., 2021). The primary factors for photoreceptor
apoptosis in rd1 mice caused by nonsense mutations in Pde6b
could not be altered by H2. Some medications that had a
beneficial effect on induced retinal degeneration models failed
to rescue retinal degeneration in inherited genetic models. For
example, systemic administration of recombinant human
erythropoietin (EPO) or an increased EPO level through
hypoxia induction protected photoreceptor cells in a mouse
model of light-induced retinal degeneration (Grimm et al.,
2004). However, increased EPO levels via intraperitoneal
injection of human recombinant erythropoietin or subretinal
injection of the adeno-associated virus (AAV)-Epo gene did
not affect photoreceptor apoptosis in rd1 mice. Transgenic

overexpression of the EPO gene alleviated photoreceptor
apoptosis in a mouse model of light-damaged retina, which
reduced the degree of retinal degeneration (Grimm et al.,
2004). Moreover, elevated EPO could achieve a relief effect on
retinal degeneration in rds mice, another retinal degeneration
mouse model. However, no obvious intervention effects were
observed in the rd10 mice (Rex et al., 2004). The above evidence
suggests that specific mechanisms of photoreceptor apoptosis
might exist in different retinal degeneration models, which have
different sensitivities to medical interventions.

There were some limitations of our study. One of the
limitations of our study was that we chose to administer
hydrogen-rich saline via intraperitoneal injection to intervene
the retinal degeneration of rd1 mice 7 days after birth. This
decision was based on the relative developmental size of the
mice at 7 days after birth, making the intraperitoneal injection
procedure relatively easier. In our future studies, we would
attempt to administer the intervention via intraperitoneal
injection at an earlier time. Another limitation was that we
did not directly measure the levels of reactive oxygen species
in the retinas of the mice, nor did we assess the content of
oxidative stress-related enzymes. Instead, we only examined the
expression levels of the oxidative stress-regulating protein SIRT1
(data shown in Supplementary Figure S2). This aspect requires
further improvement in our subsequent research.

In conclusion, our study found that H2 had no obvious effect on
retinal degeneration in an inherited RP model of rd1 mice.
Photoreceptor apoptosis in different types of RP models may

FIGURE 4
Effect of hydrogen intervention on retinal morphology in the rd1 mice. Typical retinal sections with HE staining in rd1 mice at P14 and P21 after
intraperitoneal administration of hydrogen-rich saline (HRS) (A, D), after hydrogen gas inhalation for 4 h per day (HG1) (B, E), or after hydrogen gas
inhalation for 24 h per day (HG2) (C, F). (G, H):The statistical analysis of ONL thickness (nuclei) of retinas from rd1mice after different forms of hydrogen
intervention at P14 and P21. HRS: Hydrogen-rich saline; HG1: Hydrogen gas inhalation for 4 h per day; HG2: Hydrogen gas inhalation for 24 h per
day; HE: hematoxylin and eosin; ONL: outer nuclear layer. N.S.: No significant differences. Data were representative of 6 independent experiments.
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require different medical interventions, which reflects the
complexity of pathogenesis and requires further exploration.
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