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PURPOSE. Previous work by our group has demonstrated the value of N-methyl-N-
nitrosourea (MNU)-induced corneal endothelial decompensation in animal models. The
aim of this study was to investigate the effect of molecular hydrogen (H2) on MNU-
induced corneal endothelial cell (CEC) injury and the underlying mechanism.

METHODS. MNU-induced animal models of CEC injury were washed with hydrogen-rich
saline (HRS) for 14 days. Immunofluorescence staining, immunohistochemical staining,
and corneal endothelial assessment were applied to determine architectural and cellular
changes on the corneal endothelium following HRS treatment. MNU-induced cell models
of CEC injury were co-cultured with H2. The effect of H2 was examined using morpho-
logical and functional assays.

RESULTS. It was shown that MNU could inhibit the proliferation and specific physiological
functions of CECs by increasing apoptosis and decreasing the expression of ZO-1 and
Na+/K+-ATPase, whereas H2 improved the proliferation and physiological function of
CECs by anti-apoptosis. Cell experiments further confirmed that H2 could reverse MNU
damage to CECs by decreasing oxidative stress injury, interfering with the NF-κB/NLRP3
pathway and the FOXO3a/p53/p21 pathway.

CONCLUSIONS. This study suggests that topical application of H2 could protect CECs against
corneal damage factors through anti-apoptotic effect, reduce the incidence and severity
of corneal endothelial decompensation, and maintain corneal transparency.

Keywords: anti-apoptotic effect, corneal endothelial decompensation, molecular hydro-
gen, N-methyl-N-nitrosourea

Corneal endothelial cells (CECs), which are closely
connected to each other, are monolayer cells located in

the innermost layer of the cornea. By regulating nutrition
and hydration, CECs play a decisive role in maintaining
corneal function.1 From 5 to 6 weeks of fetal develop-
ment, human corneal endothelial cells (HCECs) have been
blocked in the G1 phase of the cell cycle and basically
lose the opportunity for endogenous replenishment.2,3

Inflammation, trauma, or immune response can cause
irreversible damage to CECs, leading to corneal endothelial
decompensation, one of the most serious and intractable
diseases that can lead to blindness.4 Fuchs endothelial
corneal dystrophy (FECD) is the most common cause
of corneal endothelial decompensation worldwide.5 In
addition, phacoemulsification is also a common cause of
corneal endothelial damage.6 At present, the main treat-
ment for corneal endothelial decompensation is corneal
endothelium transplantation. In the United States, 56% of
corneal transplants are associated with vision loss related

to endothelium depletion.7 However, there are problems
in clinical practice, such as insufficient number of donated
corneas and severe graft reaction.8,9 Many relevant thera-
peutic studies are under way, but none of them has been
widely used in clinical practice until now.10 One of the
research bottlenecks is that there is no suitable animal
model of corneal endothelial decompensation. Previously,
our team has constructed an N-methyl-N-nitrosourea
(MNU)-induced corneal endothelial decompensation
model.11

MNU is represented by the molecular formula C2H5N3O2.
As an alkylating agent that directly acts on DNA, it is widely
believed that it can induce apoptosis of cells,12–14 includ-
ing eye cells.15,16 Hayakawa and coworkers have shown that
MNU can affect a variety of eye cells, resulting in continuous
ultrastructural changes.17 With significant corneal edema in
a dose- and time-dependent way, our model could simulate
the natural process of corneal endothelial injury to a certain
extent.
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Based on the mature rabbit corneal endothelial decom-
pensation model, this study attempted to explore the protec-
tive effect of hydrogen molecule (H2) on the endothelium
of the model and its mechanism. H2, a colorless and odor-
less small gas molecule, can quickly and effectively pene-
trate biological membranes to reach the cytoplasm, nucleus,
and mitochondria, and the blood-brain barrier and blood-
eye barrier cannot block H2.18,19 Low concentration of H2 has
been regarded as an effective reducing agent with little side
effects, and has become a new type of medical gas that has
attracted wide attention in recent years. The safety of H2 is
characterized by excellent histocompatibility and extremely
low cytotoxicity, even at high concentrations.20 H2 has signif-
icant preventive and therapeutic effects on the pathological
states of various organs, and its protective mechanisms are
related to antioxidant, anti-inflammatory, and anti-apoptotic
functions.18,19,21–24 The realization of these effects involves
multiple signaling pathways and crosstalk, and the pluripo-
tency of H2 on various proteins, molecules, and signal-
ing pathways may at least partially explain its pluripo-
tent therapeutic potential.23 Compared with other diseases,
the research on the relationship between H2 and corneal
diseases is still in the initial stage. Only one study proved
that the alkali injury of rabbit cornea could be reversed by
washing with H2 solution immediately after injury.25

In this study, the MNU-induced CEC injury animal model
and cell model were adopted to explore the anti-apoptotic
effect, the molecular mechanism and targets of H2 on CECs
in vivo and in vitro. It provides an effective method and
theoretical basis for the clinical application of hydrogen-rich
saline (HRS).

MATERIALS AND METHODS

Animal

All of the experiments complied with the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision
Research. All operations and treatments related to labora-
tory animals have been approved by the Institutional Animal
Care and Use Committee of the General Hospital of Chinese
PLA. Adult New Zealand rabbits (male rats, approximately
2.0–2.5 kg, 12 months old) were purchased from Beijing
Jinmuyang Laboratory Animal Breeding Co, Ltd., and raised
under SPF1 conditions. Animal experiments were conducted
after rabbits were fed for 1 week.

Cell Culture

The immortalized CEC line B4G12 was purchased from
Creative Bioarray (Shirley, NY, USA) and cultured in human
endothelial serum-free medium (SFM; Creative Bioarray)
containing 3% fetal bovine serum (FBS) and 1% penicillin
and streptomycin.26 The cells were incubated with 6 and
96-well plates in an MCO-20AIC cell incubator (Panasonic,
Japan) at 25°C and 5% CO2.

Storage and Use of MNU

MNU (Fluorochem Ltd, UK) was stored at −20°C under dark
conditions.27 A corneal endothelial decompensation animal
model was constructed based on our previous method:
any rabbit eye was selected and a 150 μL mixture of 30%
dimethyl sulfoxide (DMSO; SERVA, Heidelberg, Germany)
and 70% PBS with 3.0 mg/kg body weight of MNU was

FIGURE 1. Schematic diagram of animal operation. A 150 μL
mixture of 30% DMSO and 70% PBS with 3.0 mg/kg body weight of
MNU was injected into the anterior chamber of rabbits through the
corneal limbus with a sterile 30-gauge steel needle. Within 1 week
before and after injection of MNU, rabbit eyes were irrigated with
HRS 3 times a day for 3 minutes and 3 drops per second, whereas
the control eyes were irrigated with saline (n = 8).

injected into the anterior chamber through the corneal
limbus with a sterile 30-gauge steel needle, whereas the
other eye was not operated on, in order to serve as a normal
control and not excessively reduce the quality of life of
New Zealand rabbits (Fig. 1).11,28 The CEC injury model
was constructed by dissolving MNUwith phosphate buffered
saline (PBS) in the dark to make it an MNU solution with a
concentration of 80 mmol/L, adding MNU solution into the
culture medium containing cells that had been starved for
24 hours, and diluting MNU to a concentration of 6 mmol/L.

Preparation and Application of H2

The SFH-300 hydrogen generator (Bangyes, Shanghai,
China) was used to produce H2. The H2 was pumped
through a sealed pipeline into a 100 mL saline bottle (Qidu
Pharmaceutical Co., Ltd., Shandong, China) containing saline
or culture medium and pressurized to 0.4 MPA. The saline
bottle was sealed with sealing film, fully wrapped with
tin foil, and placed at 4°C for 24 hours before use. The
whole process of the operation was carried out under asep-
tic conditions and was freshly prepared by the same experi-
mental operator before each use.27 Within 1 week before and
after injection of MNU, rabbit eyes were irrigated with HRS
3 times a day for 3 minutes and 3 drops per second, whereas
the control eyes were irrigated with saline or not irrigated (n
= 8; see Fig. 1). When the CECs were interfered, the medium
containing H2 was replaced simultaneously with 6 mmol/L
MNU. The mass ratio of H2 in solution, determined using
DH200 Hydrogen Concentration Detector (CLEAN, Shang-
hai, China), is maintained above 1.2 ppm.

Anterior Segment Examination of Rabbit Eyes

After MNU was injected into the anterior chamber, slit
lamp photography (Opto-sil, Optoprobe, UK) and anterior
segment optical coherence tomography (AS-OCT; Visante
OCT 1000; Carl Zeiss) were performed to examine rabbit
eyes at day 1, day 3, day 7, day 14, day 21, and day 28, respec-
tively. Slit lamp microscope was used to observe the anterior
segment. AS-OCT was used to measure the central corneal
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thickness (CCT) and the average value of three measure-
ments was recorded.

Immunofluorescence Staining of Rabbit Corneas

The corneal specimens were embedded in optimal cutting
temperature ) compound (SAKURA, Japan). The corneas
were cut into 6 μm thick sections in sagittal plane with
Cryotome E cryostat (Thermo Fisher Scientific, Waltham,
MA, USA). The sections were placed on coverslips coated
with polylysine for immunofluorescence staining. The tissue
sections were fixed, washed, and repaired with pH 6.0 citric
acid repair solution (Servicebio, Wuhan, China). The BSA
serum was added for 30 minutes. The coverslips were incu-
bated with the primary antibody (anti-α 1 Na+/K+-ATPase
antibody, Abcam, ab7671, 1:200) at 4°C overnight, washed
with PBS, and incubated with the secondary antibody
connected to the fluorophore (Cy3 labeled goat anti-mouse;
Servicebio; GB21301, 1:100) for 50 minutes to demonstrate
the immunoreactivity. After DAPI re-staining the nucleus,
anti-fade mounting medium was used to block the cover-
slips.

TUNEL Staining of Rabbit Corneas

After rewarming and drying, the frozen sections of corneal
tissue were fixed with cold acetone (Sinopharm, China) for
10 minutes, then washed with PBS. The coverslips were
incubated with protease K working solution (Servicebio) in
the incubator for 37 minutes and covered with permeabilize
working solution for 20 minutes after rinsed. TdT and dUTP
were mixed (ratio 1:9) according to the instruction of TUNEL
kit (Roche, Switzerland), used to cover the tissue, and incu-
bated at constant temperature for 2 hours. After DAPI re-
staining the nucleus, anti-fade mounting medium was used
to block the coverslips.

Reactive Oxygen Species Staining of Rabbit
Corneas

Liquid blocker pen (Gene Tech, USA) was used to draw a
circle around the tissue on the frozen section to prevent the
liquid from slipping away. Dihydroethidium (DHE; Sigma-
Aldrich; D7008, 1:500) dripped in the circle and was incu-
bated at 37°C without light for 30 minutes. After DAPI
re-staining the nucleus, anti-fade mounting medium was
used to block the coverslips. The results of immunofluores-
cence staining, TUNEL staining, and reactive oxygen species
(ROS) staining of rabbit corneas were visualized using Nikon
Eclipse C1 positive fluorescence microscope and Nikon DS-
U3 imaging system. The average fluorescence intensity was
measured by Image J software, and the results were semi-
quantitatively analyzed.

Immunohistochemical Staining of Rabbit Corneas

The corneal paraffin sections were deparaffinized and rehy-
drated for antigen retrieval. Serum was used to block the
activity of endogenous peroxidase. The coverslips were
incubated overnight at 4°C, together with the primary
antibody (8-OHdG; Abcam; ab48508, 1:100), washed with
PBS (pH 7.4, for 5 minutes) for 3 times and then incu-
bated with the secondary antibody (goat anti-mouse anti-
body; Servicebio; GB23301, 1:200) at room temperature for

50 minutes. Freshly prepared DAB chromogenic reagent
(Servicebio; G1211) was used to mark dried coverslips.
The reaction time was determined by microscope obser-
vation, and the qualified mark was brown-yellow nucleus.
The coverslips were washed with distilled water (5 minutes
each). The color digital images of hematoxylin and eosin
(H&E) staining and 8-hydroxy-2-deoxyguanosine (8-OHdG)
immunohistochemical staining were obtained from a high-
resolution digital coverslip scanner (NanoZomer 2.0 digi-
tal coverslip scanners; Hamamatsu subsidiary, Bimatsu,
Japan). The average gray values of 8-OHdG immunohis-
tochemical staining images were measured by Image J
software.

In vivo Confocal Microscope of Rabbit Corneas

At day 1, day 3, day 7, day 14, day 21, and day 28, an in vivo
confocal microscope (IVCM; HRT III; Heidelberg Engineer-
ing, Germany, Heidelberg Engineering) was used to observe
the rabbit cornea. Fifty to 100 IVCM images parallel to
corneal epithelium, stroma, and endothelium were obtained.

Electron Microscopy Scanning of Rabbit Corneas

The corneal specimens obtained were examined by electron
microscopy. First, the corneal specimens were immersed in a
stationary liquid of 0.1 M sodium bicarbonate (pH 7.4; Elec-
tron Microscopy Science, Hatfield, PA, USA) containing 2.5%
glutaraldehyde overnight at 4°C. Then, the corneal speci-
mens were immersed in 1% osmium tetroxide (FMB, Singa-
pore) at 22°C for 2 hours. Next, the corneal specimens were
dehydrated in a series of ethanol diluents, dried in a critical
point dryer (BALTEC, Balzers, Liechtenstein), and installed
on a holder. At last, a 10 nm thick gold layer of (BALTEC) was
sputtered on the specimens that were examined by scanning
electron microscope (SEM; FEI, Holland).

Histological Analysis of Rabbit Corneal Sections

The experimental animals were euthanized with excess
pentobarbital sodium (Beijing Huaye Huayu Chemical Co.,
Ltd., China) at day 1, day 3, day 7, day 14, day 21, and
day 28, respectively. The corneas were taken for subsequent
examination. Part of the corneal specimen was placed on
the coverslip (endothelium facing up), smeared with 0.25%
trypan blue for 1 minute, alizarin red S (1% pH 4.2) for 3
minutes, and then observed under an inverted optical micro-
scope (BX51; Olympus, Japan). Ten percent of neutral buffer
formalin was used to fix the other part of the corneal spec-
imen, which were then processed into 4 μm thick paraffin
sections for H&E staining and immunohistochemical stain-
ing.

Image Acquiring of CECs

CECs were cultured on 6-well plates. When the adherent
cells grew to 70%, they were starved for 24 hours and then
divided into 4 groups (the control group, MNU group, H2

group, and MNU + H2 group). Medium containing MNU
and/or H2 were replaced in all groups except the control
group. ZOE Fluorescent Cell Imager (Bio-Rad, Hercules, CA,
USA) was used at 6 hours and 24 hours after intervention.
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Cell Counting Kit-8 Test of CECs

The medium containing H2 and the blank medium were
added into 96-well plates, respectively. The media were
mixed with 10 μl cell counting kit 8 (CCK-8) solution
(Dojindo, Japan) at different time points (2, 4, 6, 12, 24, 36,
and 48 hours) and incubated for 2 hours. The absorbance at
450 nm was determined by Imark enzyme labeling instru-
ment (Bio-Rad). The CECs were cultured in 96-well plates
with cell suspension of 100 μL per well (about 5000 cells),
divided into the control group, MNU group, HRS group, and
MNU + HRS group. Finally, CCK-8 tests were performed
under the same conditions at 2, 4, 6, 12, and 24 hours after
intervention, and the cytotoxicity of MNU and the effect of
H2 on CECs were evaluated.

Immunofluorescence Staining of CECs

Coverslips were placed in the 6-well plates of cultured cells,
collected when the cells grew to 70 to 90%. The cover-
slips were fixed by 4% paraformaldehyde (Servicebio) for
15 minutes, covered, and blocked with 3% bovine serum
albumin (BSA; Servicebio) for 30 minutes at room temper-
ature (if the primary antibody was from goat, 10% normal
rabbit serum was used to block it), and then incubated
with the primary antibody (ZO-1, Servicebio, GB111402,
1:800; Na+/K+-ATPase, Santa, sc-21712, 1:50; Bax, Abcam,
ab32503, 1:200; Bcl-2, Abcam, ab182858, 1:200; caspase-3,
Abcam, ab13847, 1:200; caspase-9, Abcam, ab202068, 1:200;
NFκB p65, Servicebio, GB11142, 1:100; NLRP3, Service-
bio, GB11300, 1:500; ASC, Proteintech Group, 40500-1-AP,
1:100; caspase-1, Boorsen, BS-10743R, 1:200; IL-1β, Service-
bio, GB11113, 1:200; FoxO3a, CST, 2497, 1:200; p53, Gene
Tex, GTX70214, 1:500; p21, Gene Tex, GTX629543, 1:200)
overnight in a wet box at 4°C. The cell samples were
covered with secondary antibodies of the corresponding
species (Cy3 labeled goat anti-rabbit, Servicebio, GB21303,
1:300; Cy3 labeled goat anti-mouse, Servicebio, GB21301,
1:300), and incubated at room temperature for 50 minutes.
The 4’,6-diamidino-2-phenylindole (DAPI; ServiceBio) was
used to re-stain the nucleus and anti-fade mounting medium
(Servicebio) was used to seal the coverslips.

TUNEL Staining of CECs

After fixed with 4% paraformaldehyde (Servicebio) for
15 minutes, the CEC-seeded coverslips was treated with
membrane breaking solution (Servicebio) and permeabi-
lize working solution (Servicebio). According to the instruc-
tion of TUNEL kit (Servicebio), TdT, dUTP, and buffer (ratio
1:5:50) were mixed and used to cover cells. After incuba-
tion at constant temperature for 2 hours, DAPI was used to
re-stain the nucleus and anti-fade mounting medium was
used to seal the coverslips. Immunofluorescence images
and the TUNEL staining results of CECs were visualized
using the Nikon Eclipse C1 positive fluorescence microscope
(Nikon, Japan) and the Nikon DS-U3 imaging system (Nikon,
Japan). Image J Software (National Institutes of Health [NIH],
Bethesda, MD, USA) was used to measure the average fluo-
rescence intensity and the results obtained were semiquan-
titatively analyzed.

Western Blotting Assay of CECs

The CECs were treated with radio immunoprecipitation
assay (RIPA) lysis buffer (Servicebio), which was added with
phosphorylated protease inhibitors (Servicebio) 5 minutes

before, scraped off, collected, and centrifuged at 4°C for 10
minutes (12,000 rpm) using a D3024R high-speed refriger-
ated centrifuge (DragonLab, China). The supernatant was
collected. The bicinchoninic acid (BCA) protein assay kit
(Beyotime, Shanghai, China) was used to determine the
protein concentration and then the protein was dena-
tured. Sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE; Servicebio) results were transferred
to polyvinylidene difluoride (PVDF) membrane (Service-
bio). The PVDF membrane was blocked with tris buffered
saline Tween (TBST; Servicebio) and skim milk for 30
minutes and incubated with diluted primary antibodies
(Bax, Abcam, ab32503; Bcl-2, Abcam, ab182858; caspase-3,
Abcam, ab13847; caspase-9, Abcam, ab202068; NFκB p65
Servicebio, GB11142; FOXO3a, CST, 2497) at 4°C and slowly
shaken overnight. The secondary antibody (HRP labeled
goat anti-rabbit, Servicebio, GB23303; HRP labeled goat anti-
mouse, Servicebio, GB23301) was diluted according to the
ratio of 1: 5000 after the PVDF membrane being washed
with TBST buffer for 3 times. After the secondary antibodies
were washed off by TBST buffer, the strips were chemilu-
minescent with ECL solution (Servicebio), scanned by V370
scanner (Epson, Japan), decolorized by Photoshop software,
and analyzed by Alpha software processing system.

Reverse Transcription-Polymerase Chain Reaction
Assay of CECs

The cells disrupted with RNA extraction solution (Service-
bio), together with chloroform (Sinopharm, China), was
centrifuged in a D3024R high-speed refrigerated centrifuge
(DragonLab, China) at 4°C for 10 minutes (12,000 rpm).
The RNA precipitation was obtained by centrifugation
of extracted supernatant and 0.8 times the volume of
isopropanol (Sinopharm, China), washed with 75% ethanol
(Hyclone, USA), dissolved in RNA-free water, tested for
concentration and purity using NanoDrop2000 Ultra-
Microscale Spectrophotometer (Thermo, USA) and diluted
to ensure that the concentration was between 100 ng/μL
and 500 ng/μL. The reverse transcription reaction was
performed using ServiceBio RT First Strand cDNA Synthe-
sis Kit (Servicebio). The quantitative PCR reaction system
was composed of reverse transcription products, 2 × SYBR
Green qPCR Master Mix (High Rox; ServiceBio) and gene
primers. The results of PCR amplification were obtained
using the 2−�CT method analysis.

Oxidative Stress Detection of CECs

The cells were cultured in 6-well plates. The protein was
obtained by using cell lysis buffer for Western and IP
(Beyotime, Shanghai, China). The protein concentration was
determined by BCA protein assay kit (Beyotime). The Lipid
Peroxidation Malondialdehyde Assay Kit (Beyotime), Total
Glutathione Peroxidase Assay Kit (Beyotime), and Cata-
lase Assay Kit (CAT; Beyotime) were used to analyze the
CEC protein respectively. The absorbances of Malondialde-
hyde (MDA), glutathione (GSH), and catalase were measured
at 532 nm, 340 nm, and 520 nm, respectively, by 722N
spectrophotometer (Shanghai Scientific Instrument Co., Ltd.,
Shanghai, China).

Data Analysis and Statistics

All experiments were repeated three times independently.
All data are presented as mean ± standard error of mean.
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FIGURE 2. Slit-lamp microscopy examination of rabbit eyes. Inflammatory infiltration and irreversible corneal edema appeared in the
rabbit eyes of the MNU + saline group from day 1 after intervention, and no corneal neovascularization was found. Rabbits in the MNU
+ HRS group showed significant corneal edema at day 1 and day 3 and corneal edema gradually decreased from day 7. Pupil size was
maintained throughout. The corneas returned to normal at day 28. Magnification × 16. Scale bar = 5 mm.

Multiple t-test and 2-way ANOVA were used for group data,
whereas single sample t-test and 1-way ANOVA were used
for other data. All statistical calculations were performed by
GraphPad Prism 8 software. P < 0.05 was considered statis-
tically significant (*P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001).

RESULTS

HRS Attenuated MNU-Induced Corneal Edema
and Anterior Segmental Inflammation

During the 28 days from MNU intervention to euthanasia,
the status of anterior segment of rabbits was observed. As
shown in Figure 2, The corneal changes were identical in
the rabbits irrigated with normal saline and those not irri-
gated. Slit lamp microscope was used to observe the anterior
segment. Inflammatory infiltration, mydriasis similar to toxic
anterior segment syndrome (TASS), and irreversible corneal
edema appeared in the rabbit eyes of MNU + saline group
from day 1 after intervention, and no corneal neovascular-
ization was found.

Corneal edema was also seen in AS-OCT images (Fig. 3).
However, the corneal injury was significantly alleviated in
the MNU + HRS group, with smaller pupils and smaller CCT
compared with the MNU + saline group (P < 0.0001, n =
18). There was no statistically significant difference in CCT
between the MNU + saline group and the MNU + HRS group
at day 1 and day 7, whereas there was statistically significant
differences at day 3, day 14, day 21, and day 28 (day 1: P =
0.5391; day 3: P < 0.05; day 7: P = 0.1569; day 7: P = 0.1569;
day 14: P < 0.001; day 21: P < 0.0001; and day 28: P < 0.01).

H&E staining of corneal sections showed that CECs in
the MNU + saline group remained absent throughout the
observation period, and Descemet’s membrane (DM) layer
damage was also observed in the MNU + saline group from
day 14 after intervention. The CEC detachment in the MNU
+ HRS group was obvious from day 1 to day 7. Evidence of
CEC regeneration was observed in the MNU + HRS group
from day 14. The DM remained unaffected in the MNU +
HRS group throughout the observation period. Changes in
CCT corresponded with changes in CEC damage (Fig. 4).

HRS Attenuated MNU Induced CEC Injury

CECs of rabbits were further observed. Rabbit corneas were
examined under IVCM. At day 1, sparse and blurred CECs

could be seen in the MNU + saline group, and the CECs
continued to decrease from day 3 to day 28. Correspond-
ingly, the CECs in the MNU + HRS group were damaged
at a slower speed from day 1 to day 7, showing high reflex,
irregular and sparse CECs at day 7. In the MNU + HRS group,
CECs regenerated from day 14 after intervention, and images
of normal CECs were obtained at day 28, showing uniform
hexagonal cells and low reflex on the edge, which meant a
return to normal corneal endothelium (Fig. 5A).

SEM showed that a small number of deformed CECs or
cellular residual structures could be seen at day 1 and day 3,
CECs were rarely observed after day 7, and DM injury was
observed after day 21 in the MNU + saline group. There
were CEC deformation and structural disorder on the inner
surface of the cornea in the MNU + HRS group at day 1 and
day 3 and the regeneration of CECs after day 7, although the
damage to the DM and CEC layer still existed (Fig. 5B).

The corneal specimens were stained with alizarin red
S and trypan blue. It was found that intact cell structure
became more difficult to observe in the MNU + saline group
with time. In the MNU + HRS group, the structure of CECs
showed vacuolar patchy injury, which became more and
more serious from day 1 to day 7, and gradually alleviated
from day 7 to day 21, and was similar to that of normal CECs
at day 28 (Fig. 5C).

During the whole follow-up period, the immunofluores-
cence expression of Na+/K+-ATPase of the corneal endothe-
lium in the MNU + saline group gradually decreased and
became negative at day 28, whereas in the MNU + HRS
group the expression of Na+/K+-ATPase decreased signifi-
cantly from day 1 to day 14, but increased at day 21 and
day 28. The difference was statistically significant between
the MNU + saline group and the MNU + HRS group (P
< 0.0001). In every observation window except day 1, the
expression of Na+/K+-ATPase in the MNU + HRS group was
higher than that in the MNU + saline group, with statistically
significant difference (day 1: P = 0.3444; day 3: P < 0.05; day
7: P < 0.05; day 14: P < 0.0001; day 21: P < 0.0001; and day
28: P < 0.0001; Fig. 6A).

HRS Decreased the Apoptotic CECs Induced by
MNU

TUNEL staining showed that a large number of apoptotic
cells were found in all layers of cornea in the MNU + saline
group at day 21 and day 28 (Fig. 6B). The apoptosis in the
MNU + HRS group was significantly slighter than that in



H2 Attenuated MNU-Induced Corneal Endothelial Injury IOVS | July 2021 | Vol. 62 | No. 9 | Article 2 | 6

FIGURE 3. AS-OCT examination of rabbit corneas. (A) AS-OCT examination showed that the MNU + saline group had more significant
corneal edema than the MNU + HRS group. The corneal injury was significantly alleviated in the MNU + HRS group, with smaller CCT
compared with the MNU + saline group (P < 0.0001, n = 18). From day 1 to day 7, CCT increased in both the MNU + saline group and
the MNU + HRS group. From day 14, CCT in the MNU + saline group continued to increase, however, corneal edema of rabbits in the MNU
+ HRS group gradually eased, and finally resembled the normal cornea. (B) The mean values of AS-OCT tests were statistically analyzed.
There was no statistically significant difference in CCT between the MNU + saline group and the MNU + HRS group at day 1 (P = 0.5391)
and day 7 (P = 0.1569), whereas there were statistically significant differences at day 3 (P < 0.05), day 14 (P < 0.001), day 21 (P < 0.0001),
and day 28 (P < 0.01).

FIGURE 4. H&E staining of rabbit corneas.H&E staining of corneal sections showed that CECs in the MNU + saline group remained absent
throughout the observation period, and DM layer detachment was also observed in the MNU + saline group from day 14 after intervention.
The CEC damage in the MNU + HRS group was obvious from day 1 to day 7. Evidence of CEC regeneration was observed from day 14. The
DM remained unaffected throughout the observation period. Scale bar = 250 μm.

the MNU + saline group, and the difference was statisti-
cally significant (P < 0.0001, n = 18). There were signifi-
cant differences between the two groups at each time point,
suggesting that HRS could significantly reduce MNU-induced
CEC apoptosis (day 1: P < 0.01; day 3: P < 0.01; day 7: P <

0.0001; day 14: P < 0.0001; day 21: P < 0.001; and day 28:
P < 0.0001).

HRS Alleviated MNU-Induced Oxidative Stress in
Vivo

ROS immunofluorescence staining images showed the
expression of ROS in various layers of the cornea, suggesting
that the effect of MNU on ROS became stronger and stronger
with the passage of time, whereas HRS suspended or even
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FIGURE 5. Examinations of corneal endothelium. (A) Representative IVCM images for experimental rabbits. At day 1, sparse and blurred
CECs could be seen in the MNU + saline group, and the CECs disappeared from day 3 to day 28. Correspondingly, the CECs in the MNU +
HRS group were damaged at a slower speed from day 1 to day 7, showing high reflex, irregular and sparse CECs at day 7. In the MNU + HRS
group, CECs regenerated from day 14 after intervention, and images of normal CECs were obtained at day 28, showing uniform hexagonal
cells and low reflex on the edge, which meant a return to normal corneal endothelium. Scale bar = 100 μm. (B) SEM assay of rabbit corneas.
SEM showed that a small number of deformed CECs or cellular residual structures could be seen at day 1 and day 3, no CEC was observed
after day 7, and DM injury was observed after day 21 in the MNU + saline group. There were CEC deformation and structural disorder on
the inner surface of the cornea in the the MNU + HRS group at day 1 and day 3, and the regeneration of CECs after day 7, but still damage
to the DM and CEC layer. Scale bar = 100 μm. (C) The corneal specimens were stained with alizarin red S and trypan blue. It was found
that CECs were completely ablated, and the cell structure could not be observed in the MNU + saline group during the entire observation
period. In the MNU + HRS group, the structure of CECs showed vacuolar patchy injury, which became more and more serious from day 1
to day 7, and gradually alleviated from day 7 to day 21, and was similar to that of normal CECs at day 28. Scale bar = 50 μm.

reversed MNU-induced ROS (P < 0.0001, n = 18). There
were significant differences between the MNU + saline
group and the MNU + HRS group at each time point (day

1: P < 0.01; day 3: P < 0.0001; day 7: P < 0.001; day 14:
P < 0.0001; day 21: P < 0.0001; and day 28: P < 0.0001;
Fig. 6C).
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FIGURE 6. Detection of indexes of rabbit corneas. (A) The immunofluorescence expression of Na+/K+-ATPase showed a statistically
significant difference between the MNU + saline group and the MNU + HRS group. During the whole follow-up period, the immunofluo-
rescence expression of Na+/K+-ATPase of the corneal endothelium in the MNU + saline group gradually decreased and became negative at
day 28, whereas the expression in the MNU + HRS group decreased significantly from day 1 to day 14, but increased at day 21 and day 28.
The difference was statistically significant between the MNU + saline group and the MNU + HRS group (P < 0.0001). In every observation
window except day 1, the expression of Na+/K+-ATPase in the MNU + HRS group was higher than that in the MNU + saline group, with
a statistically significant difference (day 1: P = 0.3444; day 3: P < 0.05; day 7: P < 0.05; day 14: P < 0.0001; day 21: P < 0.0001; and day
28: P < 0.0001; red: Na+/K+-ATPase; blue: DAPI). Scale bar = 100 μm. (B) TUNEL staining of rabbit corneas. TUNEL staining showed that
a large number of apoptotic cells were found in all layers of the cornea in the MNU + saline group at day 21 and day 28. The apoptosis



H2 Attenuated MNU-Induced Corneal Endothelial Injury IOVS | July 2021 | Vol. 62 | No. 9 | Article 2 | 9

in the MNU + HRS group was significantly slighter than that in the MNU + saline group, and the difference was statistically significant (P
< 0.0001, n = 18). There were significant differences between the two groups at each time point, suggesting that HRS could significantly
reduce MNU-induced CEC apoptosis (day 1: P < 0.01; day 3: P < 0.01; day 7: P < 0.0001; day 14: P < 0.0001; day 21: P < 0.001; and day 28:
P < 0.0001; green: apoptosis; blue: DAPI). Scale bar = 100 μm. (C) ROS staining of rabbit corneas. ROS immunofluorescence staining images
showed the expression of ROS in various layers of the cornea, suggesting that the effect of MNU on ROS became stronger and stronger
with the passage of time, whereas HRS suspended or even reversed MNU’s induction of ROS (P < 0.0001, n = 18). There were significant
differences between the MNU + saline group and the MNU + HRS group at each time point (day 1: P < 0.01; day 3: P < 0.0001; day 7: P
< 0.001; day 14: P < 0.0001; day 21: P < 0.0001; and day 28: P < 0.0001). Scale bar = 100 μm. (D) Immunohistochemical assay was used
to detect the expression of 8-OHdG in the cornea of New Zealand rabbits at day 28. The expression of 8-OHdG in the MNU + saline group
was significantly higher than that in the control group (P < 0.01), and the expression of 8-OHdG in the MNU + HRS group was significantly
lower than that in the MNU + saline group (P < 0.01).

FIGURE 7. Images of CECs collected at 6 hours and 24 hours. Cells in the control group adhered to the wall, polygonal, and uniform in
size. After co-culture with MNU for 6 hours and 24 hours, the CECs were found significantly sparse than those in the control group. CECs
in the MNU group were no longer polygonal in shape. The CECs of the MNU + H2 group were obviously protected by H2 from the killing
effect of MNU, although the cell morphology was still very different from that of the control group. Scale bar = 100 μm.

Immunohistochemical assay was used to detect the
expression of 8-OHdG in the cornea of New Zealand rabbits
at day 28 (Fig. 6D). The expression of 8-OHdG in the MNU +
saline group was significantly higher than that in the control
group (P < 0.01), and the expression of 8-OHdG in the MNU
+ HRS group was significantly lower than that in the MNU
+ saline group (P < 0.01).

H2 Reversed the Proliferation Inhibition of MNU
on CECs

The B4G12 CEC suspension was put into a 6-well plate and
incubated in an incubator. A few hours later, it was observed
that the cells adhered to the wall, and were polygonal and
uniform in size. After co-culture with MNU for 6 hours and 24
hours, the CECs were found significantly sparse than those
in the control group. CECs in the MNU group were no longer
polygonal in shape. The CECs of the MNU + H2 group were

obviously protected by H2 from the killing effect of MNU,
although the cell morphology was still very different from
that of the control group (Fig. 7).

When H2 was pressurized into the medium for 2, 4,
6, 12, 24, 36, and 48 hours, the absorbance of medium
containing H2 at 450 nm was higher than that of the control
group (P < 0.0001, n = 6). Considering that the reducibil-
ity of H2 significantly changed the results of CCK-8 assay,
the culture medium had to change in experimental groups
before adding CCK-8 to remove the interference of H2 on
the results. The absorbance values of the control group, the
MNU group, and the MNU + H2 group were detected. The
difference between the control well and the experimental
well was divided by the difference between the control well
and the blank well to calculate the inhibition rate, indicating
that H2 could significantly reduce the cytotoxicity of MNU
to cells at 2, 4, 6, 12, and 24 hours after intervention (P <

0.0001, n = 6; Fig. 8).

FIGURE 8. Cell Counting Kit-8 (CCK-8) test. (A) The difference between the control well and the experimental well was divided by the
difference between the control well and the blank well to calculate the inhibition rate. When H2 was pressurized into the medium for 2, 4, 6,
12, 24, 36, and 48 hours, the absorbance of medium containing H2 at 450 nm was higher than that of the control group (P < 0.0001, n = 6).
(B) The absorbance values of the control group, the MNU group, and the MNU + H2 group were detected. The cytotoxicity inhibition rate
was calculated, indicating that H2 could significantly reduce the cytotoxicity of MNU to cells at 2, 4, 6, 12, and 24 hours after intervention
(P < 0.001).
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FIGURE 9. Detection of ZO-1 and Na+/K+-ATPase in CECs. The average fluorescence intensity of immunofluorescence images of CECs
was analyzed. (A) MNU could reduce the expression of ZO-1 and Na+/K+-ATPase at 6 hours (ZO-1: P < 0.0001, n = 3; and Na+/K+-ATPase:
P < 0.001, n = 3). H2 could maintain the expression of ZO-1, Na+/K+-ATPase, and functions of CECs from MNU damage (ZO-1: P < 0.0001,
n = 3; and Na+/K+-ATPase: P < 0.001, n = 3). (B) MNU could reduce the expression of ZO-1 and Na+/K+-ATPase at 24 hours (ZO-1: P <

0.01, n = 3; and Na+/K+-ATPase: P < 0.05, n = 3). H2 could increase the expression of ZO-1 and Na+/K+-ATPase at 24 hours (ZO-1: P <

0.001, n = 3; Na+/K+-ATPase: P < 0.05, n = 3).

The average fluorescence intensity of immunofluores-
cence images of CECs was analyzed. As a result, MNU could
damage CECs by destroying their physiological functions,
which was shown in that MNU could reduce the expression
of ZO-1 and Na+/K+-ATPase (ZO-1 6 hours: P < 0.0001; ZO-
1 24 hours: P< 0.01; Na+/K+-ATPase 6 hours: P< 0.001; and
Na+/K+-ATPase 24 hours: P < 0.05; n = 3). H2 could main-
tain the expression of ZO-1, Na+/K+-ATPase, and functions
of CECs from MNU damage (ZO-1 6 hours: P < 0.0001; ZO-1
24 hours: P < 0.001; Na+/K+-ATPase 6 hours: P < 0.001; and
Na+/K+-ATPase 24 hours: P < 0.05; n = 3; Fig. 9).

H2 Inhibited the Apoptosis Induced by MNU In
Vitro

The results of TUNEL assay showed that apoptosis of CECs
was accelerated by MNU (TUNEL 6 hours: P < 0.0001; and
TUNEL 24 hours: P < 0.0001; n = 3), which was related to
the fact that MNU promoted the expression of Bax, caspase-
3, and caspase-9, and inhibited the expression of Bcl-2 (Bax
6 hours: P < 0.0001; Bax 24 hours: P < 0.001; Bcl-2 6 hours:
P = 0.0721; Bcl-2 24 hours: P < 0.01; caspase-3 6 hours: P
< 0.05; caspase-3 24 hours: P < 0.001; caspase-9 6 hours:



H2 Attenuated MNU-Induced Corneal Endothelial Injury IOVS | July 2021 | Vol. 62 | No. 9 | Article 2 | 11

P < 0.01; and caspase-9 24 hours: P < 0.05; n = 3). H2

could reduce apoptosis by inhibiting the expression of Bax,
caspase-3, caspase-9, and promoting the expression of Bcl-
2 (Bax 6 hours: P < 0.0001; Bax 24 hours: P < 0.05; Bcl-2
6 hours: P = 0.4250; Bcl-2 24 hours: P < 0.01; caspase-3 6
hours: P = 0.0956; caspase-3 24 hours: P < 0.001; caspase-9
6 hours: P < 0.01; caspase-9 24 hours: P < 0.05; TUNEL 6
hours: P < 0.0001; and TUNEL 24 hours: P < 0.01; n = 3;
Figs. 10A, 10B).

Western blot (WB) was conducted on the related indica-
tors of apoptosis of CECs. It was suggested that MNU could
significantly increase Bax and decrease Bcl-2, with statisti-
cal significance (Bax: P < 0.001; Bcl-2: P < 0.01; n = 3).
Apoptotic markers were detected and both caspase-3 and
caspase-9 were activated by MNU (caspase-3: P < 0.001; and
caspase-9: P < 0.01; n = 3). H2 could antagonize the pro-
apoptotic effect of MNU by reducing Bax and increasing Bcl-
2 (Bax: P < 0.01; and Bcl-2: P < 0.01; n = 3), and changes of
caspase-3 and caspase-9 also suggested the inhibitory effect
of H2 on the pro-apoptotic properties of MNU (caspase-3: P
< 0.01; and caspase-9: P < 0.01; n = 3; Fig. 10C).

H2 can Inhibit the Oxidative Stress Induced by
MNU in CECs

The absorbance of MDA, catalase, and GSH in all groups was
measured by spectrophotometer at 6 hours and 24 hours,
and the MDA content, catalase activity, and GSH activity
were calculated according to the instructions of the kits
(Fig. 11). There were statistically significant differences in
the three indexes between the MNU group and the control
group (MDA 6 hours: P < 0.0001; MDA 24 hours: P < 0.0001;
catalase 6 hours: P < 0.0001; catalase 24 hours: P < 0.0001;
GSH 6 hours: P < 0.05; and GSH 24 hours: P < 0.001; n = 3).
Compared with the MNU group, H2 decreased MDA content,
increased catalase activity, and GSH activity, with statistical
significance (MDA 6 hours: P < 0.05; MDA 24 hours: P <

0.0001; catalase 6 hours: P < 0.0001; catalase 24 hours: P <

0.001; GSH 6 hours: P < 0.05; and GSH 24 hours: P < 0.01;
n = 3).

H2 Inhibited the Activation of NFκB/NLRP3
Pathway Induced by MNU in CECs

It is generally believed that activation of the NFκB/NLRP3
pathway is associated with cellular inflammatory response.
Immunofluorescence staining was used to study the effect
of MNU on NFκB/NLRP3 pathway of CECs. Nuclear translo-
cation of NFκB p65 was observed in the MNU group. MNU
enhanced the fluorescence of NFκB p65, nucleotide bind-
ing, and oligomerization domain-like receptor family pyrin
domain-containing 3 (NLRP3), ASC, caspase-1, and IL-1β
with statistical significance (NFκB p65 6 hours: P < 0.01;
NFκB p65 24 hours: P < 0.001; NLRP3 6 hours: P < 0.05;
NLRP3 24 hours: P = 0.1477; ASC 6 hours: P < 0.001; ASC
24 hours: P < 0.001; caspase-1 6 hours: P < 0.001; caspase-1
24 hours: P < 0.001; IL-1β 6 hours: P < 0.05; and IL-1β 24
hours: P < 0.05; n = 3). However, H2 suppressed the nuclear
translocation of NFκB p65 induced by MNU, and inhibited
the expression of NFκB/NLRP3 pathway (NFκB p65 6 hours:
P < 0.001; NFκB p65 24 hours: P < 0.0001; NLRP3 6 hours: P
< 0.01; NLRP3 24 hours: P = 0.3106; ASC 6 hours: P < 0.001;
ASC 24 hours: P < 0. 01; caspase-1 6 hours: P = 0.1961;

caspase-1 24 hours: P < 0.01; IL-1β 6 hours: P = 0.5910;
and IL-1β 24 hours: P < 0.05; n = 3; Figs. 12A, 12B).

NFκB p65 was analyzed by quantitative PCR. It was found
that the expression of NFκB p65 of CECs in the MNU group
was increased compared with the control group, and the
difference was statistically significant (6 hours: P < 0.001;
and 24 hours: P < 0.0001; n = 3; Fig. 12C). WB showed that
the content of NFκB p65 shared by cytoplasm and nucleus
of CECs in the MNU group was significantly higher than that
in the control group (P < 0.05, n = 3; Fig. 12D). Both PCR
and WB results showed that H2 did not significantly reduce
the expression of NFκB p65 (PCR 6 hours: P = 0.2008; PCR
24 hours: P = 0.2685; and WB: P = 0.0526; n = 3; see Figs.
12C, 12D).

H2 Inhibited the Activation of FOXO3a/p53/p21
Pathway of MNU in CECs

The immunofluorescence images of CECs showed that
MNU activated FOXO3a/p53/p21 pathway represented by
promoting FOXO3a nuclear translocation and expression
of FOXO3a, p53, and p21 (FOXO3a 6 hours: P < 0.0001;
FOXO3a 24 hours: P < 0.0001; p53 6 hours: P < 0.01; p53
24 hours: P < 0.0001; p21 6 hours: P < 0.0001; and p21
24 hours: P < 0.0001; n = 3), whereas H2 had an inhibitory
effect on this pathway (FOXO3a 6 hours: P < 0.001; FOXO3a
24 hours: P < 0.001; p53 6 hours: P < 0.05; p53 24 hours:
P < 0.001; p21 6 hours: P < 0.001; and p21 24 hours: P <

0.01; n = 3; Figs. 13A, 13B).
Quantitative PCR analysis of FOXO3a was performed. It

was found that the expression of FOXO3a of CECs in MNU
group was higher than that of the control group, and the
difference was statistically significant (6 hours: P<0.0001;
and 24 hours: P<0.01; n = 3). H2 reduced the activation
effect of MNU, but the difference was not statistically signif-
icant (6 hours: P = 0.2390; and 24 hours: P = 0.6756; n =
3; Fig. 13C). WB demonstrated that MNU could significantly
induce the expression of FOXO3a (P < 0.0001, n = 3), but
this pathological process was inhibited by H2 (P<0.0001, n
= 3; Fig. 13D).

DISCUSSION

Corneal endothelial decompensation leads to severe visual
impairment, which brings many difficulties in treatment.
Currently, the only treatment for corneal endothelial
decompensation is corneal transplantation using a donor
cornea.8 Over the past decade, Descemet’s stripping auto-
mated endothelial keratoplasty (DSAEK) and Descemet’s
membrane endothelial keratoplasty (DMEK) are safer and
more effective compared with traditional penetrating kerato-
plasty (PK). However, disadvantages of these endothelial
keratoplasty techniques, such as difficulty of the actual surgi-
cal techniques, acute and chronic cell loss, and a shortage of
donor corneas, make it very valuable to find new treatment
methods.29,30

H2, as a safe and effective medical gas with little side
effects, could be used for the treatment of many diseases.
H2 could regulate signal transduction through a variety of
pathways. However, its main molecular targets have not
been identified. In addition to selective antioxidant and anti-
inflammatory effects, H2 could exert anti-apoptotic effects
by up- or downregulating apoptosis-related factors, such as
caspase-3, Bcl-2, and Bax.18 As far as we know, this is the first
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FIGURE 10. Detection of apoptosis in CECs. (A) The results of TUNEL assay showed that apoptosis of CECs was accelerated by MNU at 6
hours (P < 0.0001, n = 3), which was related to the fact that MNU promoted the expression of Bax, caspase-3, and caspase-9 and inhibited
the expression of Bcl-2 (Bax: P < 0.0001, n = 3; Bcl-2: P = 0.0721, n = 3; caspase-3: P < 0.05, n = 3; and caspase-9: P < 0.01, n = 3).
H2 could reduce apoptosis by inhibiting the expression of Bax, caspase-3, and caspase-9, and promoting the expression of Bcl-2 at 6 hours
(Bax: P < 0.0001, n = 3; Bcl-2: P = 0.4250, n = 3; caspase-3: P = 0.0956, n = 3; caspase-9: P < 0.01, n = 3; and TUNEL: P < 0.0001, n = 3).
(B) The results of TUNEL assay showed that apoptosis of CECs was accelerated by MNU at 24 hours (P < 0.0001, n = 3), which was related
to the fact that MNU promoted the expression of Bax, caspase-3, and caspase-9 and inhibited the expression of Bcl-2 (Bax: P < 0.001, n = 3;
Bcl-2: P < 0.01, n = 3; caspase-3: P < 0.001, n = 3; and caspase-9: P < 0.05, n = 3). H2 could reduce apoptosis by inhibiting the expression
of Bax, caspase-3, and caspase-9 and promoting the expression of Bcl-2 at 24 hours (Bax: P < 0.05, n = 3; Bcl-2: P < 0.01, n = 3; caspase-3:
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P < 0.001, n = 3; caspase-9: P < 0.05, n = 3; and TUNEL: P < 0.01, n = 3). (C) WB was conducted on the related indicators of apoptosis
of CECs. It was suggested that MNU could significantly increase Bax and decrease Bcl-2, with statistical significance (Bax: P < 0.001, n =
3; and Bcl-2: P < 0.01, n = 3). Apoptotic markers were detected and both caspase-3 and caspase-9 were activated by MNU (caspase-3: P <

0.001, n = 3; and caspase-9: P < 0.01, n = 3). H2 could antagonize the pro-apoptotic effect of MNU by reducing Bax and increasing Bcl-2
(Bax: P < 0.01, n = 3; and Bcl-2: P < 0.01, n = 3), and changes of caspase-3 and caspase-9 also suggested the inhibitory effect of H2 on
the pro-apoptotic properties of MNU (caspase-3: P < 0.01, n = 3; and caspase-9: P < 0.01, n = 3).

FIGURE 11. Detection of the absorbance of MDA, catalase, and GSH in CECs at 6 hours and 24 hours. The MDA content, catalase
activity, and GSH activity were calculated according to the instructions of the kits. There were statistically significant differences in three
indexes between the MNU group and the control group (MDA 6 hours: P < 0.0001; MDA 24 hours: P < 0.0001; catalase 6 hours: P < 0.0001;
catalase 24 hours: P < 0.0001; GSH 6 hours: P < 0.05; and GSH 24 hours: P < 0.001). Compared with the MNU group, HRS decreased the
MDA content, and increased the catalase activity and GSH activity, with statistical significance (MDA 6 hours: P < 0.05; MDA 24 hours: P <

0.0001; catalase 6 hours: P < 0.0001; catalase 24 hours: P < 0.001; GSH 6 hours: P < 0.05; and GSH 24 hours: P < 0.01; n = 3).

time that the therapeutic effects of H2 on the animal model
and cell model of MNU-induced CEC injury were investi-
gated.

Our team established a mammalian corneal endothelial
decompensation model induced by anterior chamber injec-
tion of MNU for the first time to simulate the damage of CECs
induced by phacoemulsification or TASS, and confirmed its
effectiveness and safety.11 For economic and ethical reasons,
New Zealand rabbits were still used as experimental animals
for treating MNU-induced corneal endothelial injury with
H2. The dosage of MNU was 3.0 mg/kg, which could cause
corneal endothelial decompensation, DM injury, and severe
corneal edema. The characteristics of large eyeballs and easy
feeding of rabbits are very helpful to our experiment. The
high concentration of MNU we selected reduced the interfer-
ence brought by the powerful regeneration ability of rabbit
CECs to the experimental results.11,31 Using IVCM, SEM, and
section staining, the corneal endothelium was damaged on
the first day after MNU injection into the rabbit’s anterior

chamber and irreparably worsened over the following 28
days. The use of HRS allowed CECs to regenerate around
the 14th day after the intervention, and basically returned
to normal at day 28, and protected the DM throughout the
observation. Both slit lamp microscopy and AS-OCT showed
that HRS gave animal models the opportunity to reduce or
reverse MNU-induced corneal edema.

The current markers used for preclinical identification
of healthy CECs were not unique to these cells or their
lineages.32,33 The unique functions of CECs include mono-
layer tight junction and humoral barrier, which are vulner-
able to disruption by corneal endothelial diseases, such as
FECD, as indicated by the expression of Na+/K+-ATPase and
Zonula occuludens-1 (ZO-1), respectively. In CECs, Na+/K+-
ATPase, together with all other ion channels, established a
membrane potential of approximately 30 mV and partici-
pated in the formation of a local hypertonic gradient.32,33

The mechanism has not yet been elucidated. The ZO-1
protein, also known as an atresia, is usually abundant in the
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FIGURE 12. Detection of the NFκB/NLRP3 pathway in CECs. (A) Immunofluorescence staining was used to study the effect of MNU on
the NFκB/NLRP3 pathway of CECs at 6 hours. Nuclear translocation of NFκB p65 was observed in the MNU group. MNU enhanced the
fluorescence of NFκB p65, NLRP3, ASC, caspase-1, and IL-1β with statistical significance (NFκB p65: P<0.01, n = 3; NLRP3: P<0.05, n =
3; ASC: P<0.001, n = 3; caspase-1: P<0.001, n = 3; and IL-1β: P<0.05, n = 3). However, H2 suppressed the nuclear translocation of NFκB
p65 induced by MNU, and inhibited the expression of the NFκB/NLRP3 pathway (NFκB p65: P<0.001, n = 3; NLRP3: P<0.01, n = 3; ASC:
P<0.01, n = 3; caspase-1: P = 0.1961, n = 3; and IL-1β: P = 0.5910, n = 3). (B) Immunofluorescence staining was used to study the effect of
MNU on the NFκB/NLRP3 pathway of CECs at 24 hours. Nuclear translocation of NFκB p65 was observed in the MNU group. MNU enhanced
the fluorescence of NFκB p65, NLRP3, ASC, caspase-1, and IL-1β with statistical significance (NFκB p65: P<0.001, n = 3; NLRP3: P = 0.1477,
n = 3; ASC: P<0.001, n = 3; caspase-1: P<0.001, n = 3; and IL-1β: P<0.05, n = 3). However, H2 suppressed the nuclear translocation of
NFκB p65 induced by MNU, and inhibited the expression of the NFκB/NLRP3 pathway (NFκB p65: P<0.0001, n = 3; NLRP3: P = 0.3106,
n = 3; ASC: P<0. 01, n = 3; caspase-1: P<0.01, n = 3; and IL-1β: P<0.05, n = 3). (C) NFκB p65 was analyzed by quantitative PCR. It was
found that the expression of NFκB p65 of CECs in the MNU group was increased compared with the control group, and the difference was
statistically significant (6 hours: P<0.001, n = 3; and 24 hours: P<0.0001, n = 3). H2 did not significantly reduce the expression of NFκB
p65 (6 hours: P = 0.2008, n = 3; and 24 hours: P = 0.2685, n = 3). (D) WB showed that the content of NFκB p65 shared by cytoplasm and
nucleus of CECs in the MNU group was significantly higher than that in the control group (P<0.05, n = 3). H2 did not significantly reduce
the expression of NFκB p65 (P = 0.0526, n = 3).

epithelium and endothelium. The main role of tight junc-
tions is to prevent the mixing of basolateral molecules and
apical molecules, thus maintaining the polarity of the cell.
The ZO-1 was expressed and responsible for passive diffu-
sion of nutrients from the anterior chamber to the cornea.32

In this experiment, it could be seen by cell images that
the cell connections in the MNU group were extensively
destroyed, the degree of cell population dispersion was
increased, and the polygon morphology of normal CECs was
lost. The physiological functions of CECs were restored to
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FIGURE 13. Detection of the FOXO3a/p53/p21 pathway in CECs. (A) The immunofluorescence images of CECs showed that MNU activated
the FOXO3a/p53/p21 pathway represented by promoting FOXO3a nuclear translocation and expression of FOXO3a, p53, and p21 at 6 hours
(FOXO3a: P<0.0001, n = 3; p53: P < 0.01, n = 3; and p21: P < 0.0001, n = 3), whereas H2 had an inhibitory effect on this pathway (FOXO3a:
P < 0.001, n = 3; p53: P < 0.05, n = 3; and p21: P < 0.001, n = 3). (B) The immunofluorescence images of CECs showed that MNU activated
the FOXO3a/p53/p21 pathway represented by promoting FOXO3a nuclear translocation and expression of FOXO3a, p53, and p21 at 24
hours (FOXO3a: P < 0.0001, n = 3; p53: P<0.0001, n = 3; and p21: P < 0.0001, n = 3), whereas H2 had an inhibitory effect on this pathway
(FOXO3a: P < 0.001, n = 3; p53: P < 0.001, n = 3; and p21: P < 0.01, n = 3). (C) Quantitative PCR analysis of FOXO3a was performed. It was
found that the expression of FOXO3a of CECs in MNU group was higher than that of the control group, and the difference was statistically
significant (6 hours: P < 0.0001, n = 3; and 24 hours: P < 0.01, n = 3). H2 reduced the activation effect of MNU, but the difference was not
statistically significant (6 hours: P = 0.2390, n = 3; and 24 hours: P = 0.6756, n = 3). (D) WB demonstrated that MNU could significantly
induce the expression of FOXO3a (P < 0.0001, n = 3), but this pathological process was inhibited by H2 (P < 0.0001, n = 3).

some extent in the MNU + H2 group. It is consistent with
changes of Na+/K+-ATPase and ZO-1 in the cell model. MNU
also reduced the expression of Na+/K+-ATPase of CECs in
animals.

Apoptosis is a highly conserved process of cell death
that is tightly regulated to eliminate unwanted cells and
potentially harmful cells with DNA damage. Physiologically,
apoptosis can maintain cell homeostasis. However, exces-
sive apoptosis is associated with many pathologies, such
as chronic inflammation, cancer, and degenerative diseases
of various organs.34 The inducers of apoptosis come from
internal signals or environmental changes, including ROS,
heat shock, viral infection, hypoxia, environmental pollu-
tants, and chemotherapy drugs, etc.35 TUNEL assay was
performed in animal and cell models. It was observed that
H2 significantly reduced the apoptotic level of CECs exposed
to MNU both in vivo and in vitro, strongly suggesting the
anti-apoptotic effect of H2 (Fig. 14).

Cell lines were used to verify changes in apoptosis-
related factors in CECs in the presence of MNU or H2. The
Bax/Bcl-2 pathway can regulate the process of cell apopto-
sis.36 The release of mitochondrial cytochrome C is inhib-

ited by the anti-apoptotic protein Bcl-2 and promoted by
the pro-apoptotic protein Bax, because the former inhibits
oxygen free radical-mediated membrane damage, whereas
the latter changes the permeability of the mitochondrial
membrane.37 The increase of apoptosis can be inferred by
the increase of Bax expression and the decrease of Bcl-
2 expression.38 Apoptosis is closely related to the activa-
tion of caspases, of which caspase-9 is the initiator and
caspase-3 is the executor. They work together to partici-
pate in a series of cellular events that lead to DNA break-
age. Excessive ROS activates caspase-9, leads to the initi-
ation of caspase-3-mediated cascade reaction, and finally
leads to apoptosis.39 H2 played an anti-apoptotic role by
upregulating Bcl-2 or downregulating Bax, and inhibited
cell apoptosis by regulating signal transduction within
and between specific pathways.18 When CECs were co-
cultured with MNU, the increased expression of Bax and
the decreased expression of Bcl-2 proved that the apopto-
sis pathway of CECs was activated. The increased expres-
sion of caspase-9 and caspase-3 indicated that the process of
apoptosis was accelerated. However, H2 played the opposite
role.
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FIGURE 14. The antiapoptotic effect of H2 in attenuating MNU induced corneal endothelial injury. The adverse effects of MNU on the
physiological functions of CECs were alleviated by H2 increasing Na+/K+-ATPase and ZO-1. H2 decreased the MDA content and increased
catalase activity and GSH activity to alleviate oxidative stress injury caused by MNU.H2 was associated with the inhibition of the NF-κB/NLRP3
pathway and the FoxO3a/p53/p21 pathway. As a result, H2 reduced the apoptosis of CECs induced by MNU.

Apoptosis is usually mediated by ROS, which plays a
central role in cell signal transduction and the major path-
ways of apoptosis mediated by mitochondria, death recep-
tors, and endoplasmic reticulum (ER).34 Under physiological
conditions, ROS acts as signaling molecules to regulate cell
growth, cell adhesion to other cells, differentiation, senes-
cence, and apoptosis.40 Oxidative stress can be character-
ized by excessive ROS, which is a disaster for normal cells,
but fortunately eyes have a variety of antioxidant defense
systems.41,42 The antioxidant function of H2 can also play a
role in corneal cells, mainly because H2, as an antioxidant,
can resist or reverse the pathological development caused
by oxidative stress, showing the anti-apoptotic effect.18,43

In vivo, H2 selectively neutralized the most reactive ROS,
hydroxyl radical (·OH) and peroxynitrite (ONOO−), without
affecting other functional ROS, such as superoxide (O2−)
and hydrogen peroxide (H2O2), which not only reduced
adverse reactions, but also improved efficiency of antioxi-
dation.6,18,19,23,27,44 So far, researches reporting that the inci-
dence of ROS-related diseases decrease with the use of HRS
have involved both in vitro and in vivo studies.6,20,43,45,46 In
human diseases and rodent models, H2 reduced the expres-
sion of various oxidative stress markers, such as myeloper-
oxidase, MDA, 8-OHdG, etc.18 MDA content, GSH activity,
and catalase activity can reflect the level of oxidative stress
and evaluate the effect of drugs on oxidative stress. MDA

is one of the peroxides that indirectly reflect the genera-
tion of free radicals. The increasing effect of MNU on it and
the decreasing effect of H2 on it can reflect the direction
of their intervention on oxidative stress of CECs.47 Cata-
lase and GSH can effectively scavenge free radicals, and
play an important role in maintaining the redox status of
normal cells, and MNU can reduce antioxidant enzymes,
such as reduced glutathione and weaken the antioxidant
defense system.36,42,48 However, H2 reduces oxidative stress
by repressing the production of ROS and increasing the
activity of glutathione peroxidase (GSH-Px), thus decreasing
the content of MDA. The detection of these three indicators
in the CEC model is the verification of MNU triggering oxida-
tive stress damage and H2-reducing oxidative stress damage.
The 8-OHdG is another marker of oxidative stress.6 In this
experiment, immunohistochemical staining of 8-OHdG was
performed on rabbit corneas, showing pro-oxidation effect
of MNU and antioxidant status of HRS. DHE could freely
enter living cells, oxidized by intracellular ROS, affecting
DNA, and producing red fluorescence.49 We examined the
rabbit corneas, and ROS levels were intuitively reflected.
It showed that MNU induced ROS in a time-dependent
manner, and HRS suspended or even reversed ROS. It
suggested that H2 had the potential as a preventive and
therapeutic antioxidant, exerting the anti-apoptotic effect in
vivo.
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As an upstream pathway of the Bax/Bcl-2 pathway, the
NF-κB pathway can affect cell apoptosis.34 Excessive oxida-
tive stress is associated with the NF-κB pathway, the NLRP3
pathway, and the caspase signaling pathway, through which
apoptosis are induced.37 By binding to them, inhibitors of
NF-κB (IκB) force the NF-κB transcription factor family to
remain in the cytoplasm in an inactive form. When the NF-
κB pathway is activated, IκBα is phosphorylated, ubiquiti-
nated, and degraded by proteasome, which releases NF-κB
dimer into the nucleus, initiates transcription, and expresses
inflammatory mediators (such as IL-1, IL-6, TNF, and IL-23)
and related proteins that are involved in immune response,
inflammatory response, and tumor growth.36,50–54 P65 is a
member of the NF-κB family and is inactive in unstim-
ulated cells. The binding of heterodimer containing p65
to DNA after cellular stimulation may result in increased
gene expression.55 The results of WB and PCR confirmed
the upregulation of NF-κB p65 in CECs exposed to MNU.
Immunofluorescence data further confirmed the transfer of
NF-κB p65 from the cytoplasm to the nucleus, suggesting
that MNU disturbance in CECs is related to the activation of
the NF-κB signaling pathway.

Recently, it has been reported that the NF-κB path-
way was involved in the initiation of NLRP3 inflamma-
some.51,56,57 NLRP3 inflammasome, as an important compo-
nent of the innate immune system, is the most thor-
oughly studied inflammasome. In combination with the
aptamer apoptosis-associated speck-like protein containing
CARD (ASC), it mediates the activation of cysteine aspar-
tate proteinase-1 (caspase-1) and the secretion of proinflam-
matory cytokines including IL-1β and IL-18.21,51,58–64 Acti-
vation signals can be provided by a variety of extracellular
stimuli or molecules, including microbial toxins, as well as
cellular damage events, such as mitochondrial dysfunction
and ROS production. Among them, intracellular ROS and
NLRP3 inflammasomes are mutually promoted.51,58,65 Stud-
ies have shown that both corneal and conjunctival epithelial
cells harbor functional NLRP3 inflammasomes.60,66 Due to
the difference between infectious and noninfectious lesions,
different corneal diseases may be associated with variation
in expression of nucleotide binding and oligomerization
domain-like receptor (NLR).67 In our study, the immunoflu-
orescence staining of ASC, caspase-1, and IL-1β of CECs
were all enhanced under MNU, whereas they were weak-
ened under H2, indicating that the function of NLRP3 inflam-
masomes could be activated by MNU and inhibited by H2.

Therefore, H2 may belong to those compounds that
inhibit NLRP3 inflammasomes, reduce the release of
cytokines, alleviate mitochondrial dysfunction and abnormal
inflammatory response, and treat organ damage by regulat-
ing cellular redox state and NF-κB pathway.18,21,41,56,59,68,69

H2 plays a role by regulating the expression of various genes,
including NF-κB and signal transduction within and between
specific pathways.18 Wu et al. believed that H2 could coun-
teract the phosphorylation of IκB and NF-κB, the nuclear
translocation of NF-κB p65 protein, and reduce the tran-
scriptional activity of NF-κB.70 Yang et al. suggested that
H2 could inhibit the activation of NF-κB/NLRP3 pathway,
and had a certain therapeutic effect in some diseases.71 Our
study suggested that H2 entering CECs protected the cells by
inhibiting the activation of the NF-κB/NLRP3 pathway under
MNU, reducing the nuclear translocation of NF-κB p65, and
delaying the process of apoptosis.

Existing evidence shows that p53 is a protein involved
in the regulation of a variety of signaling pathways and a

threshold regulator of cell homeostasis.72,73 Under low to
moderate oxidative stress, p53 increases the time of cell
repair by means of cell cycle arrest. When the intensity and
duration of stress continue to increase, p53 activates DNA
fragments to induce apoptosis, thus preventing abnormal
cell proliferation.74 The difference in the degree of oxida-
tive stress is the reason for the different effects of p53. P53
protein can promote the increase of p21 expression, thereby
inhibiting the cell cycle. Cells cultured in vitro can be called
senescence when they lose their proliferative potential (PP),
and the expression of p21 can prove the loss of PP, which is
irreversible.74

The mammalian forkhead box class O (FOXO) tran-
scription factor subfamily includes several highly conserved
FOXO proteins, and FoxO3a is one of them.75 FOXO3a tran-
scription factor is a key regulator of cell metabolism, prolif-
eration, survival, cycle regulation, and apoptosis.76,77 After
stimulation, FOXO3a enters the DNA binding site and is
activated for transcriptional activity. Transcription of FOXO
target genes is achieved when the nuclear translocation of
FOXO3a exceeds a certain threshold.78 At present, the inter-
action between FOXO3a and p53 has been widely recog-
nized.79 We speculate that MNU, as a chemical reagent acting
on DNA, may be related to cell senescence in addition to
cell apoptosis. The results showed that MNU was associated
with increased expressions of FoxO3a, p53, and p21 in CECs,
and the entry of FoxO3a into the nuclear binding site. Acti-
vation of FoxO3a /p53/ p21 pathway led to pro-apoptotic
effect and the effect on the physiological function of CECs,
which may be one of the mechanisms of damage of low
concentration MNU. Our data suggested that H2 interven-
tion in CECs could effectively inhibit nuclear translocation
of FOXO3a and reduce the expression of FOXO3a, p53, and
p21. The mechanism remains to be further studied.

As a convenient and safe form of H2, the antioxidant
properties of HRS can be utilized in a variety of forms,
including oral, intraperitoneal, or intravenous injection. It
can be presented as local drip, anterior chamber irriga-
tion, or intravitreal injection in ophthalmology, which is
safer, more portable, and more effective than inhalation
alone.6,18,20,21,27,46 H2 can be dissolved in water at a maxi-
mum of 1.6 ppm (0.8 mmoL/L) at normal atmospheric pres-
sure and room temperature. It should be used fresh when
stored in glass or plastic bottles to prevent H2 escaping.
In our study, the mass ratios of H2 measured immediately
before use were all above 1.2 ppm, which was considered
to be sufficient for biological effects internationally.80,81 The
ocular surface irrigation method we used is simple and effec-
tive, providing a good reference for clinical use. However,
the drawbacks of this method may be that it takes a long
time and the hydrogen-rich water is not easy to preserve.

There are two obstacles to the application of H2, includ-
ing low reaction rate and short residence time in vivo. There-
fore, how to make the safe, simple, and convenient health
care products and clinical drugs made by H2 that could be
more widely used may be the direction that many doctors
and practitioners of pharmaceutical enterprises should strive
for.18 Other problems puzzling scientific researchers and
clinicians are as follows: (1) hydrogen has entered the hot
area of therapeutic research in recent years. There are so
many roles and biochemical pathways of H2, and it is difficult
to eliminate and utilize the crosstalk among them. (2) Clin-
ical studies, especially large-scale, prospective clinical stud-
ies, related to the application of H2, are urgently needed to
optimize the dose, timing and administration method of H2.
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Corneal endothelium decompensation is a serious eye
disease that greatly affects the vision of patients. In this
study, H2 was used to intervene in the animal models and
cell models of corneal endothelial injury induced by MNU.
It was confirmed that H2 could effectively and safely reverse
the pro-apoptotic effect of MNU on CECs. To our knowl-
edges, the results is the first to be obtained in the laboratory.
Furthermore, the anti-apoptotic effect of H2 on CECs was
related to antioxidant, the NF-κB/NLRP3 pathway, and the
FOXO3a/p53/p21 pathway. Our work lays the groundwork
for clinical trials of H2. We speculate that topical applica-
tion of H2 could protect CECs against corneal injury factors,
reduce the damage of corneal endothelium caused by surg-
eries or toxic substances, reduce the incidence and severity
of corneal endothelial disorders, and maintain corneal trans-
parency.
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