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Drinking hydrogen water 
improves photoreceptor 
structure and function in retinal 
degeneration 6 mice
Tsutomu Igarashi1,2,3*, Ikuroh Ohsawa4, Maika Kobayashi2, Kai Miyazaki5, Toru Igarashi6, 
Shuhei Kameya1, Asaka Lee Shiozawa3, Yasuhiro Ikeda7, Yoshitaka Miyagawa3, 
Mashito Sakai3, Takashi Okada8, Iwao Sakane4 & Hiroshi Takahashi2

Retinitis pigmentosa (RP) is a genetically heterogeneous group of inherited retinal disorders involving 
the progressive dysfunction of photoreceptors and the retinal pigment epithelium, for which there is 
currently no treatment. The rd6 mouse is a natural model of autosomal recessive retinal degeneration. 
Given the known contributions of oxidative stress caused by reactive oxygen species (ROS) and 
selective inhibition of potent ROS peroxynitrite and OH·by  H2 gas we have previously demonstrated, 
we hypothesized that ingestion of  H2 water may delay the progression of photoreceptor death in 
rd6 mice.  H2 mice showed significantly higher retinal thickness as compared to controls on optical 
coherence tomography. Histopathological and morphometric analyses revealed higher thickness 
of the outer nuclear layer for  H2 mice than controls, as well as higher counts of opsin red/green-
positive cells. RNA sequencing (RNA-seq) analysis of differentially expressed genes in the  H2 group 
versus control group revealed 1996 genes with significantly different expressions. Gene and pathway 
ontology analysis showed substantial upregulation of genes responsible for phototransduction in  H2 
mice. Our results show that drinking water high in  H2 (1.2–1.6 ppm) had neuroprotective effects and 
inhibited photoreceptor death in mice, and suggest the potential of  H2 for the treatment of RP.

Retinitis pigmentosa (RP) is a genetically heterogeneous group of inherited retinal disorders characterized 
by diffuse progressive dysfunction of predominantly rod photoreceptors, with subsequent degeneration of 
cone photoreceptors and the retinal pigment epithelium (RPE)1. Visual impairment usually manifests as night 
blindness and progressive visual field loss. The prevalence of RP is 1:3000–1:50002,3, and approximately 1.4 
million people worldwide are affected by RP. Currently, no treatment options are available for patients with RP, 
and disease progression to blindness is unavoidable. Over 100 different gene mutations have been identified as 
factors that influence the development and progression of  RP4. Although genetic mutations trigger RP, disease 
progression is affected by microenvironmental changes associated with retinal degeneration such as oxidative 
 stress5,6, and  inflammation7,8.

Oxidative stress causes various neurological disorders of the  retina9. Oxidative damage leads to cone cell 
death, and antioxidants reduce oxidative damage and promote cone survival and  function10. Compared to 
people without RP, those with RP have increased carbonyl content and a decreased ratio of reduced to oxidized 
 glutathione10. Oxidative stress is derived from reactive oxygen species (ROS), such as hydroxyl radicals (OH·), 
superoxide anion radicals  (O2

−·), hydrogen peroxide  (H2O2), and nitric oxide. We reported that molecular 
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hydrogen  (H2) selectively reduces the extremely toxic ROS OH· and peroxynitrite, but not  O2
−·,  H2O2, or nitric 

 oxide11. Moreover, administration of  H2 gas markedly suppresses brain ischemia–reperfusion  injury11 and retinal 
ischemia–reperfusion  injury12. ROS is suspected to be quite important in neurodegenerative diseases such as 
Parkinson’s disease (PD), Alzheimer’s disease (AD), and Huntington’s disease. ROS-induced mitochondrial 
damage is associated with the triggers of PD, AD, and other neurodegenerative  diseases13.  H2-dissolved water  (H2 
water) reduces dopaminergic neuronal cell loss and downregulates 4-hydroxy-2-nonenal, which is an oxidative 
stress marker, in dopaminergic neurons in PD animal models, compared with normal  water14,15. These results 
suggested that the intake of  H2 water reduces neurotoxic damage even after chronic toxin administration. 
Previous studies have demonstrated that  H2 water is safe to drink. No significant differences were seen between 
control and hydrogen groups in terms of food or water consumption, body weight, or growth pattern during 
12 months in  rats16. Moreover,  H2 water was well tolerated and caused no adverse effects during 48 weeks of 
administration in  humans7.

Neuroinflammation is widely associated with and contributes to various forms of neurodegeneration, 
including  RP6,17,18. Microglia in human RP patients become reactive in response to signals from degenerating 
rods and migrate to the photoreceptor  layers19. RP model mice display widespread microglial  activation20 and 
reactive gliosis is featured by the increased expression of glial fibrillary acidic protein (GFAP) in macroglial  cells21. 
Microglial cell activation was observed prior to the initiation of photoreceptor death and inhibition of microglial 
cells improved photoreceptor survival and  morphology22.  H2 was recently reported to inhibit microglial activation 
in acute neuroinflammation models such as the mouse middle cerebral artery occlusion  model23 and the rat 
traumatic brain injury  model24.

MFRP is expressed in the RPE and ciliary  bodies25 and mutations of MFRP causes microphthalmia, high 
hyperopia, foveoschisis, areas of RPE atrophy, and optic disc drusen in  humans26–29. MFRP-deficient eyes have 
spots of retinal discoloration and reduced electroretinogram (ERG) readings.

Well-characterized animal models exist, and understanding of the genetic basis of the disease is  increasing30. 
The rd6 mouse is a natural model of autosomal recessive retinal degeneration, and is caused by a 4-bp deletion 
in a splice donor site in Mfrp25,31. In rd6 mice, slowly progressive retinal degeneration affects both rod and cone 
cells beginning from 3–4 weeks of age, soon after the retina develops. Slow, progressive loss of the photoreceptors 
occurs over approximately 16 months. Although MFRP protein function is not completely  understood32,33, 
MFRP is known to regulate the lipidome and transcription for photoreceptor  function34. Furthermore, retinal 
degeneration is reportedly caused by MFRP mutations in  humans35.

In this study, we investigated whether  H2 water could reduce and delay the progression of photoreceptor 
death in rd6 mice.

Results
Preservation of the  H2 concentration in  H2 water. To ensure that mice drank water with a stable, high 
concentration of  H2, we developed unique water drinking valves designed to preserve  H2 (Fig. 1a). The average 
amount of water consumed per mouse was 3.42 ± 0.14  ml/day. The hydrogen concentration before drinking 
was 96.84 ± 1.03%, and was maintained at 70.68 ± 0.31% in the first week after drinking (C57BL/6J mice, n = 4) 
(Fig. 1b).

Hydrogen prevents outer retina thinning in rd6 mice. In rd6 mice, photoreceptor degeneration 
occurs from 3–4  weeks of age, and progressive loss of the photoreceptor outer segments continues over 
approximately 16  months31. To examine whether  H2 water prevents thinning of the outer retina in rd6 mice, we 
measured outer retinal thickness using optical coherence tomography (OCT), a non-invasive imaging modality 
that produces cross-sectional reflectance images of the retina. Figure 2a shows representative images for the 
control and  H2 groups. Outer retinal thicknesses (in pixels) of the control group (n = 8) and  H2 group (n = 10), 

Figure 1.  Preservation of  H2 concentration in  H2 water. (a) To maintain a high concentration of  H2 in water, 
we developed water drinking valves. (b) The hydrogen concentration was 96.84 ± 1.03% before drinking and 
70.68 ± 0.31% 1 week after drinking (C57BL/6J mice, n = 4). Bars depict mean ± standard deviation (SD).
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respectively, at different postnatal ages were as follows: 6 weeks (22.78 ± 1.88 vs 23.16 ± 2.04, p = 0.35), 11 weeks 
(20.55 ± 1.56 vs 21.32 ± 0.85, p = 0.1), 21 weeks (18.11 ± 0.92 vs 18.98 ± 0.53, p = 0.012), 32 weeks (17.02 ± 1.03 
vs 18.7 ± 0.82, p = 0.00067), 39  weeks (10.15 ± 0.81 vs 12.7 ± 1.45, p = 0.00021), and 47  weeks (8.99 ± 0.58 vs 
11.14 ± 1.05, p = 0.00005) (Fig. 2b). OCT imaging showed that the outer retina was significantly thicker in the  H2 
group than in the control group from 21 to 47 weeks postnatally. These results suggest that drinking  H2 water 
can prevent outer retinal thinning.

Hydrogen protects rod function in rd6 mice. To determine whether preservation of the outer retina 
results in improved retinal function in the  H2 group, we performed scotopic ERG to measure rod response and 
mixed rod-cone response elicited with 0.02 cd·s/m2 and 2 cd·s/m2 stimuli, respectively  (H2 group: n = 10; control 
group: n = 8). Figure  3a shows representative ERG recordings of the b-wave amplitudes at 0.02  cd·s/m2 and 
2 cd·s/m2. The rod response represented by b-waves at 0.02 cd·s/m2 was significantly preserved in the  H2 group 
beginning at 10 weeks postnatal through 42 weeks (5 W; p = 0.93, 10 W; p = 0.005, 16 W; p = 0.036, 20 W; p = 0.02, 
27 W; p = 0.012, 42 W; p = 0.003; Fig. 3b). On the other hand, the mixed rod-cone response reduction in rd6 mice 
was relatively moderate compared to the rod response, and a significantly higher amplitude of the mixed rod-
cone response was observed only at 27 weeks old in the  H2 group (p = 0.006, Fig. 3b). These results suggest that 
drinking  H2 water can rescue rod function in rd6 mice.

Effect of hydrogen on histopathological changes, cell density in the outer nuclear layer, 
opsin red/green positivity, and opsin blue positivity in retinal cross sections. To evaluate the 
protective effect of hydrogen, we then examined histopathological and morphometric changes in 49-week-old 
rd6 mice. Figure 4a shows images of representative slices from the control group (n = 4) and  H2 group (n = 4). The 
photoreceptor inner and outer segments thickness of the control group was 8.8 ± 2 μm, and that of the  H2 group 
was 17.2 ± 1.8 μm (p = 0.00039; Fig. 4b). The outer nuclear layer thickness was 24.9 ± 1.9 μm in the control group, 
and 34.6 ± 2.2 μm in the  H2 group (p = 0.00027, Fig. 4c). The number of cells per slide in the outer nuclear layer 
was 275.8 ± 20 in the control group, and 316.8 ± 20.6 in the  H2 group (p = 0.015; Fig. 4d).

The photographs in Fig. 5a,b show representative retinal cross sections with cells stained red for rhodopsin 
and green for opsin red/green or opsin blue. Nuclei were stained with DAPI (blue). The number of cells positive 
for both rhodopsin and opsin red/green (yellow in the merged image) per vertical section through the retina 
was 216.7 ± 26.4 in the control group, and 337.3 ± 60.6 in the  H2 group (p = 0.037; Fig. 5a). The number of cells 
positive for both rhodopsin and opsin blue (yellow in the merged image) per vertical section through the retina 

Figure 2.  Effect of  H2 water on outer retinal thickness. (a) Representative retinal projections of OCT scans 
at 6–47 weeks of age. Double-headed arrows show the outer retina. OR outer retina. (b) Quantification of the 
outer retina thickness with/without  H2 water. The outer retina thickness with  H2 water (n = 10) was significantly 
greater than that without  H2 water (n = 8) (p < 0.001 and 0.05). Bars depict mean ± standard deviation (SD). 
*p < 0.05, ***p < 0.001.
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was 338 ± 22.5 in the control group, and 420.3 ± 158.9 in the  H2 group (p = 0.35; Fig. 5b). These results suggest 
that drinking  H2 water can protect photoreceptor cells and opsin red/green-positive cells in rd6 mice.

Hydrogen induces high expression of genes involved in phototransduction. To characterize 
the effects of  H2 water on gene expression in rd6 mice, we performed whole transcriptome analysis of the 
neural retina with/without  H2 water. RNA-seq analysis of differentially expressed genes (DEG) in the  H2 
group (n = 3) vs control group (n = 4) revealed 1996 genes with significantly different expression (upregulation 
of 856, downregulation of 1140 genes), as indicated in the heatmap (Fig. 6a). To identify signature trends for 
upregulation or downregulation of downstream pathways, we performed gene and pathway ontology analysis 
and showed the four most upregulated pathways and the four most downregulated pathways (Fig.  6b). Top 
molecular pathways differentially regulated following hydrogen drinking included transcriptional changes in 
approximately 18 genes involved in phototransduction pathways (Fig. 6c). The diagram produced by Ingenuity 
Pathway Analysis (IPA) illustrates phototransduction in rod cells and cone cells. As illustrated, the majority of 
genes included in phototransduction were upregulated in the  H2 group. We also examined the superpathway of 
cholesterol biosynthesis, another upregulated pathway in the  H2 group. Genes in this superpathway including 
Idl1, Acta2, Cyp51A1, and Hmgcs1 were slightly elevated (see Supplementary Fig. S1 online). Gene ontology 
groups such as inflammatory response (GO:0006954) and response to oxidative stress (GO:0006979), which 
were expected to be different, were not significantly changed as a system (Supplementary Fig. S1).

GFAP, monocytes/macrophages-2 (MOMA-2) positivity in retinal cross-sections and ionized 
calcium-binding adapter molecule 1 (Iba-1). We also carried out immunohistochemical analyses of 
retinal cross-sections to evaluate the effect of  H2 water on retinal inflammatory response in rd6 mice. Figure 7 
shows representative retinal cross-sections in which cells were stained for GFAP, MOMA-2, and Iba-1, with 
nuclei stained using DAPI (blue). Mean GFAP intensity was 3.01 ± 0.5 in the control group and 3.15 ± 0.64 
in the  H2 group (p = 0.64; Fig. 7a). The number of MOMA-2-positive cells per section was 20.38 ± 3.25 in the 
control group and 16.29 ± 1.76 in the  H2 group (p = 0.06; Fig. 7b). Numbers of microglial (Iba-1-positive) cells 
were subsequently counted in each retinal layer: ganglion cell layer (GCL); inner plexiform layer (IPL); inner 
nuclear layer (INL); outer plexiform layer (OPL); outer nuclear layer (ONL); and layer of the photoreceptor 
outer segment (OS). Mean numbers of microglia in the control/H2 groups were 9.75 ± 2.98/6.5 ± 1.73 in GCL, 
9.5 ± 2.65/8 ± 1.63 in IPL, 1.25 ± 0.96/0.75 ± 1.96 in INL, 6.5 ± 3.7/5.75 ± 2.5 in OPL, 1.5 ± 1.73/0.25 ± 0.5 in ONL, 
8.75 ± 3.1/5.75 ± 3 in OS, and 37.25 ± 8.6/27 ± 5 in total. No layers showed a significant difference between groups 
(Fig. 7c).

Figure 3.  B-wave of ERGs in rd6 mice with/without  H2 water. (a) Representative b-wave with/without  H2 water 
at 0.02 cd·s/m2 and 2 cd·s/m2. (b) Quantification of the b-wave amplitude from 5 to 42 weeks of age. We found 
a significant difference between the control group (n = 8) and  H2 group (n = 10). Bars depict means ± standard 
deviation (SD). *p < 0.05, **p < 0.01.
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Discussion
This study shows that drinking  H2 water delayed retinal degeneration in rd6 mice.  H2 water inhibited photore-
ceptor death. We found that a high concentration (1.2–1.6 ppm) of  H2 in drinking water led to neuroprotective 
effects.  H2 water also increased expression of genes of phototransduction in photoreceptors. Thus, our study may 
pave the way toward a new neuroprotective strategy using  H2 water in RP patients.

In rd6 mice, the photoreceptor cell outer segments are reduced slightly in length, with a decrease in the 
number of photoreceptor  cells31. As shown in Fig. 2, outer retina thickness decreased in the control group, but 
this decrease was significantly suppressed beginning at postnatal 21 weeks in the hydrogen drinking group. 
Similarly, the same result was obtained with histopathology in the analysis of outer retina thickness (Fig. 4), and 
a significant effect of protecting photoreceptor cells was observed in terms of photoreceptor thickness, outer 
retina thickness, and the number of photoreceptor cells.

We found a significant difference in rod response of ERG (0.02 cd·s/m2; Fig. 3). Previous studies have shown 
that the decreased ERG amplitude in rd6 mice is detected beginning at  P2536 to 70 weeks of  age31, and the rod 
response reduces earlier than the cone  response36. Our data showed the rod function could be rescued by  H2 
water, whereas a slight effect was observed for the mixed rod-cone function. Longer observation may be required 
to determine the effect of the  H2 water for mixed rod-cone function.

We investigated two cone opsins, long wavelength-sensitive red and green opsin, and short wavelength-
sensitive blue opsin. The number of red and green opsin-positive cells in the  H2 group was significantly higher 
than that in the control group (Fig. 5a). The number of blue opsin-positive cells in the  H2 group tended to be 
higher than that in the control group (Fig. 5b). In RP, not only rod cells but also cone cells disappear, and drink-
ing  H2 water was effective in suppressing the decrease in cone cells in rd6 mice.

The rd6 mouse has a mutated MFRP and 4-bp deletion in a splice donor sequence, resulting in exon 4 being 
skipped and a truncated  protein25. Although MFRP mutations are linked to photoreceptor cell degeneration, 
MFRP protein function is not completely  understood32. In this RNA-seq experiment, expression of the pho-
totransduction gene cluster in the hydrogen group was increased (Fig. 6). When exposed to light, rhodopsin 
is activated, and phosphodiesterase is activated via transducin, thereby degrading the second messenger cyclic 
guanosine monophosphate. As a result, the cyclic nucleotide-gated channel in the plasma membrane closes, 

Figure 4.  Thickness of photoreceptor inner and outer segments and outer nuclear layer and number of 
outer nuclear layer cells. (a) Images of representative slices from the control group (n = 4) and  H2 group 
(n = 4). Photoreceptor inner and outer segments (PR) thickness and outer nuclear layer (ONL) are shown. (b) 
Photoreceptor inner and outer segments thickness with/without  H2 water. Thickness was significantly greater 
with  H2 water than without  H2 water (p < 0.01). (c) Outer nuclear layer (ONL) thickness with/without  H2 water. 
Thickness was significantly greater with  H2 water than without  H2 water (p < 0.01). (d) Outer nuclear layer cells/
slide with/without  H2 water. Thickness was significantly greater with  H2 water than without  H2 water (p < 0.05). 
Bars depict mean ± standard deviation (SD). Scale bar 50 μm. *p < 0.05, **p < 0.01.



6

Vol:.(1234567890)

Scientific Reports |        (2022) 12:13610  | https://doi.org/10.1038/s41598-022-17903-8

www.nature.com/scientificreports/

and inward current stops flowing, resulting in a decrease in the membrane potential. Phototransduction in 
photoreceptor cells is illustrated in Fig. 6c. Expression of genes related to phototransduction such as rhodopsin, 
transducin, phosphodiesterase, and cyclic nucleotide-gated channel was elevated. Drinking  H2water contributed 
not only to neuroprotection of photoreceptor cells but also to improvement in photoreceptor function.

We examined the superpathway of cholesterol biosynthesis, which was an upregulated pathway in the  H2 
group. Idl1, Acta2, Cyp51A1, and Hmgcs1 were slightly elevated (Supplementary Fig. S1). Our gene expression 
analysis also revealed that the pathway of estrogen receptor signaling was slightly downregulated in the  H2 group. 
Although an influence of sex on phenotype was not observed in rd6 mice, the possibility of different responses to 
 H2 treatment cannot be ruled out, due to differences in hormonal profiles and inflammatory responses. As our 
study used only male mice, further research is needed to clarify potential sex differences in  H2 effects.

The inflammatory response and response to oxidative stress were expected to be affected, but the genes 
involved in these responses were not significantly changed. For the RNA-seq data of this experiment, we analyzed 
the whole neural retina, but if we had performed single-cell RNA-seq with photoreceptor cells, different results 
may have been obtained. In addition, the analysis was performed at 49 weeks of age, but because photoreceptor 
degeneration has progressed considerably, performing the analysis at an early stage when photoreceptor cells 
remain may be important.

In this experiment, as shown in Fig. 7, we found no difference in the average expression intensity of GFAP- 
and MOMA-2-positive cells. GFAP is an intermediate filament protein and is a marker of Müller glial cells, but its 
expression is increased by inflammation. However, unlike during acute inflammation, inflammation is minimal in 
RP, and a change in GFAP expression is unlikely. MOMA-2 is a monocyte/macrophage-specific protein. MOMA-2 
positive cells are found in the subretinal space of rd6 mice. In our experiment, we found no significant difference 
in the number of MOMA-2 positive cells between the  H2 group and the control group (Fig. 7b).

Microglia are involved in the progression of RP and pathologically accumulate in the outer layer of the retina 
in RP  mice37,38. Mechanistically, microglia have been shown to play a key role in photoreceptor degeneration in 
 RP39. Iba-1 is a microglia/macrophage-specific calcium-binding protein with actin-bundling activity, and shows 

Figure 5.  Immunohistochemical analysis of rhodopsin and opsin. (a) Immunohistofluorescence co-staining 
for rhodopsin (red) and opsin red/green (green) is shown in representative retinal specimens with/without 
 H2 water. Double-positive cells (yellow) were counted for eye cups in one slide. The number of double-
positive cells was significantly greater in the control group (n = 4) than in the  H2 group (n = 4; p < 0.05). 
(b) Immunohistofluorescence co-staining (yellow) for rhodopsin (red) and opsin blue (green) is shown in 
representative retinal specimens with/without  H2 water. No significant difference was found (p = 0.35). Scale bar 
50 μm. Bars depict mean ± standard deviation (SD).



7

Vol.:(0123456789)

Scientific Reports |        (2022) 12:13610  | https://doi.org/10.1038/s41598-022-17903-8

www.nature.com/scientificreports/

Figure 6.  RNA-seq analysis. (a) Heatmap based on differentially expressed genes. Each column represents a 
sample  (H2 group: n = 3; control group: n = 4), and each row represents a gene. The expression level of each gene 
in a single sample is depicted according to the color scale. (b) Pathway analysis of the differentially expressed 
genes based on IPA. The top four most significant up- and downregulated pathways after drinking  H2 water. (c) 
IPA pathway and heatmap of phototransduction. Red and green colors indicate that the genes are upregulated or 
downregulated, respectively.
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increased expression during neuroinflammation. We assessed the microglial infiltration into the outer layer of 
the retina by counting Iba1+ cells, but found no significant change in the  H2 group. Further evaluation of the 
effect of hydrogen on microglial inflammatory response in rd6 mice will require specific evaluation of inflam-
matory gene expression in microglia.

As an animal model with slow retinal degeneration, rd6 is suitable for observing the effects of long-term 
 interventions31. Hadziahmetovic et al. reported that 5 months of treatment with the oral iron chelator deferiprone 
(DFP) prevented thinning of the outer retina in rd6  mice40. As DFP appears effective in the reversal of oxidative 
stress-related tissue damage, the mechanism by which DFP delays the progression of RP might be similar to that 
of hydrogen. The present study evaluated the therapeutic effects of antioxidant therapy on RP progression from 
multiple perspectives, including not only morphological changes, but also by ERG and RNA-seq.

Gene and cell therapy has also been investigated in rd6 mice, and intravitreal injection of genetically engi-
neered bone marrow-derived mesenchymal stromal cells (MSCs) deigned to overexpress brain-derived neuro-
trophic factor (BDNF) resulted in rescue from the chronic degenerative process of slow retinal degeneration 
in recipient rd6  mice41. These findings suggested that anti-apoptotic signaling induced by MSC-BDNF rescued 
retinal cells. Our RNA-seq data showed upregulation of anti-apoptotic factor Bcl2 in the  H2 group (Supple-
mentary Fig. S1), suggesting that hydrogen therapy may also be involved in the inhibition of apoptosis in rd6.

In P23H-1 and Royal College of Surgeons (RCS) rats as other animal models, administration of basic fibro-
blast growth factor (FGF2) and minocycline has been shown to increase photoreceptor survival. Minocycline 
reduced microglial activation and migration, and the combination of FGF2 and minocycline exhibited greater 
neuroprotective effects than the effects of either agent  alone42. The therapeutic effects of combined administration 
of hydrogen and treatments with different mechanisms of action clearly merits further research.

Currently,  H2 can be administered via multiple routes. In clinical applications, the common routes of  H2 
administration include  H2 gas, drinking  H2-rich water, injection of  H2-rich saline, bathing in  H2 water,  H2 intake 
of a solid carrier (coral calcium hydride), and ocular instillation of  H2-rich saline. Previously, we reported that 
ocular instillation of  H2-rich saline is a useful therapy for retinal artery  occlusion12. Ocular instillation of  H2-rich 

Figure 7.  Immunohistochemical analysis of GFAP, MOMA-2, and Iba-1. Immunohistofluorescence for GFAP 
(a), MOMA-2 (b), and Iba-1 (c) are shown in representative retinal specimens with/without  H2 water (each 
group: n = 4). We found no significant difference between with/without  H2 water (GFAP: p = 0.64, MOMA-2: 
p = 0.06). (c) Mean numbers of microglial cells counted in each retinal layer and total. No significant differences 
between with/without  H2 water were evident. Layers were defined as: ganglion cell layer (GCL); inner plexiform 
layer (IPL); inner nuclear layer (INL); outer plexiform layer (OPL); outer nuclear layer (ONL); and layer of the 
photoreceptor outer segments (OS). Scale bar 50 μm. Bars depict means ± standard deviation (SD).
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saline is effective for sudden onset acute diseases such as retinal artery occlusion. However, drinking water is 
more effective for chronic diseases such as RP because eye drops cannot be applied all the time. In this experi-
ment, we planned our study using drinking water. Shimouchi et al. reported that after the intake of 500 ml of  H2 
water, the concentration of  H2 in the breath increases to the level of 36 ppm after 10 min and gradually decreases 
to the baseline level of 7 ppm at 60  min43. Sano et al. reported that 60 min after a single dose of hydrogen, the 
blood hydrogen concentration is higher than the steady  state44. We consider that a small amount of drinking 
water can sufficiently supply hydrogen to the retina. To further improve the effect, the combined use of inhala-
tion of hydrogen during sleep may also prove effective.

H2 has been reported as a novel potential therapeutic strategy for the prevention and treatment of chronic 
neurological diseases, including  AD45,46, cognitive  dysfunction47, mood  disorders48,49, and  PD50. We hope that 
 H2 will play a similar role for RP.

Methods
Animals. Male C57BL/6J mice from Charles River Laboratories Japan (Tokyo, Japan) were used to examine 
changes in hydrogen concentration during drinking of  H2 water (Fig.  1). Male rd6 mice from The Jackson 
Laboratory (Bar Harbor, ME) were used for the other experiments. From postnatal 4 weeks, rd6 mice started 
to drink either regular water or  H2 water. Mice were housed individually in standardized laboratory conditions 
and given tap water and food ad libitum. All animals were treated in accordance with the ARVO Statement for 
the Use of Animals in Ophthalmic and Vision Research. The studies were approved by the Animal Care and Use 
Committee of Nippon Medical School (approval number; H28-049, 2021-021). All experiments were performed 
in accordance with the ARRIVE guidelines.

Preservation of the  H2 concentration in  H2 water. Four male 11-week-old C57BL/6J mice were 
allowed to drink  H2 water (1.2–1.6 ppm of hydrogen) in an aluminum pack (Merodian Co., Osaka, Japan) for 
1 week. Hydrogen leaks rapidly from the  H2 water in regular drinking bottles or valves, so to ensure that mice 
in this experiment drank a stable, high concentration of  H2 water, we developed unique water drinking valves, 
which were designed to completely match the water outlet of the  H2 water in an aluminum pack and prevent gas 
from leaking. In addition, a backflow prevention valve was incorporated into the water drinking valve to prevent 
air from entering the package. The  H2 concentration was measured before drinking and 1 week after drinking 
using a needle-type  H2 sensor (Unisense, Aarhus N, Denmark).

OCT imaging. Mice were anesthetized, and pupils were dilated. Mice were placed on the rodent alignment 
stage. An ophthalmic viscosurgical device was applied with cover glass. OCT images were acquired using a 
Cirrus HD-OCT Model 4000 (Carl Zeiss, Oberkochen, Germany). A specific adaptor including a 90D lens was 
placed on the objective lens of the Multiline OCT to focus on the mouse retina. The OCT image resolution was 
500 pixels (height) × 750 pixels (width). All images were location matched by scanning vertically through the 
center of the optic nerve head. The average thickness of the outer retina (between the outer plexiform layer and 
the RPE) was measured at 200 pixels from the optic nerve head using Adobe Photoshop (Adobe Inc., San Jose, 
CA). In this study, the maximum number of B-scans set by the manufacturer (20 times) was used for averaging. 
Experimental (n = 10) and control (n = 8) eyes from each mouse were compared at postnatal 6, 11, 21, 32, 39, 
and 47 weeks.

ERGs. After overnight dark adaptation, mice were anesthetized with an intraperitoneal injection of 
normal saline solution containing ketamine (80 mg/kg) and xylazine (10 mg/kg). ERGs were recorded using a 
synchronized trigger and summing amplifier (Primus; Mayo, Nagoya, Japan) with a stimulation device (LS-W; 
Mayo), as described in our previous  report51,52. After pupil dilation (0.5% tropicamide and 0.5% phenylephrine 
ophthalmic solution; Santen Pharmaceutical Co., Osaka, Japan), scotopic responses were examined. ERG 
responses were measured according to the International Society for Clinical Electrophysiology of Vision 
guidelines. Scotopic-adapted standard white flash stimuli were set at 0.02 cd·s/m2 and 2 cd·s/m2. At least three 
ERG readings were collected from each eye. Experimental (n = 10) and control (n = 8) eyes from each mouse 
were compared at postnatal 5, 10, 16, 20, 27, and 42 weeks.

Histology and thickness of the outer retina. At 49 weeks of age, experimental (n = 4) and control (n = 4) 
eyes were enucleated and fixed overnight in 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) at 
4 °C as described in our previous  report53,54. Briefly, the eyes were sequentially transferred to PBS containing 
sucrose. After the anterior segments were removed, the eye cups were frozen. Six-micrometer cryostat sections 
were cut in a plane parallel to the vertical meridian of the eye. To measure retinal thickness, sections were stained 
with hematoxylin and eosin. Retinal thickness, defined as the total width between outer nuclear layer cells and 
intact outer segments, was then measured. These measurements were made in an area 1 mm from the optic 
disc using a light microscope, and the thicknesses measured in three different sections were averaged at a final 
magnification of 40× using a light microscope and image analysis software (Photoshop, Adobe Inc.).

Immunohistochemistry. For immunohistochemistry, 6-μm-thick sections of retina in the plane of the 
mid-optic disc were stained. For rhodopsin and opsin double immunostaining, sections were incubated with 
HistoVT One (Nacalai Tesque, Kyoto, Japan) at 70 °C for 20 min. For rhodopsin staining, a mouse-on-mouse Kit 
(Vector Laboratories, Burlingame, CA) was used according to the manufacturer’s instructions. Rhodopsin (1D4) 
monoclonal mouse antibody (1:1000) (Abcam, Cambridge, UK) and streptavidin-Cy3 (1:2000) (Thermo Fisher 
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Scientific, Waltham, MA) were used. For opsin immunostaining, sections were incubated with 10% donkey 
serum in PBS at room temperature (RT) for 1 h. Rabbit anti-opsin red/green antibody (Merck, Kenilworth, NJ) 
or rabbit anti-opsin blue antibody (Merck) was applied at 4 °C overnight. Alexa fluor 488 donkey anti-rabbit 
IgG (1:500) was applied at RT for 2 h. Sections were then mounted using a medium containing 4,6-diamidino-
2-phenylindole (Vector Laboratories) and observed under a fluorescence microscope (IX83; Olympus, Tokyo, 
Japan). Images of the whole retina were captured at 40× magnification and tiled automatically, and double-
positive cells were counted for each retina using image analysis software (cellSens Dimension; Olympus). For 
GFAP and Iba-1 staining, sections were similarly incubated with HistoVT One (Nacalai Tesque), then incubated 
with 10% donkey serum in PBS containing 0.1% Triton X-100 at RT for 1 h. Rabbit anti-GFAP antibody (1:500) 
(DAKO, Santa Clara, CA) or rabbit anti-Iba-1 antibody (1:500) (Fujifilm, Tokyo, Japan) was applied at 4  °C 
overnight. Alexa fluor 488 donkey anti-rabbit IgG (1:500) was applied at RT for 2 h. Alexa fluor 568 donkey anti-
rabbit IgG (1:500) for GFAP and 488 donkey anti-rabbit IgG (1:500) for Iba-1 were applied at RT for 2 h. GFAP 
expression was analyzed using ImageJ software (version 1.52; NIH, Bethesda, MD), as previously  described52,55. 
Each image was captured using the same camera settings for gain and time. Data were obtained for each region 
of interest based on pixel intensity from each group (n = 4). Quantitation was performed in a blinded manner. 
For MOMA-2 staining, sections were similarly incubated with HistoVT One (Nacalai Tesque). Endogenous 
biotin was blocked using an Avidin/Biotin Blocking Kit (Abcam) for 10 min. Then, sections were incubated with 
10% goat serum in PBS containing 0.1% Triton X-100 at RT for 1 h. Rat anti-MOMA-2 antibody (1:90) (Merck) 
was applied at 4 °C overnight. Sections were then incubated with goat biotinylated anti-rat IgG (1:150) (Vector 
Laboratories) for 1 h at RT. Streptavidin Alexa Fluor-488 conjugate (1:500) (Invitrogen) was applied at RT for 
2 h. MOMA-2-positive cells between the photoreceptor and RPE were counted. Numbers of microglial (Iba-1-
positive) cells were subsequently counted in each layer: GCL, IPL, INL, OPL, ONL, and OS. These counts were 
pooled to obtain a mean number of microglial cells per layer and per retinal section (n = 4).

RNA-seq and DEG analysis. Total RNA was extracted from each sample  (H2 group: n = 3; control group: 
n = 4) of neural retina, treated with DNase 1, and purified using a RNeasy Mini Kit according to the manufacturer’s 
instructions (Qiagen, Valencia, CA). Libraries were sequenced (150  bp × 2 paired-end) on a Novaseq 6000 
(Illumina, Inc. San Diego, CA) with a depth of > 40 million reads. Library preparation and sequencing procedures 
were performed by Rhelixa (Tokyo, Japan), a company specializing in life sciences. Data quality of raw RNA-seq 
reads in FASTQ files was assessed using FastQC (ver. 0.11.7) to identify potential sequencing cycles with low 
average quality and base distribution bias. Reads were processed with Trimmomatic (version 0.38), allowing 
spliced read alignment to the mouse reference genome (GRCm38: mm10) using HISTAT2 (ver. 2.1.0). Fragments 
per kilobase of exon per million reads mapped (FPKM), FPKM-upper quartile (UQ), and transcripts per million 
(TPM) data were calculated using featureCounts (version 1.6.3) from the mapped reads. FPKM values were 
analyzed using iDEP, an integrated web application for RNA-seq data  analysis56. DEG between  H2-treated and 
control groups were identified using the two-tailed permutation FDR-based Student’s t test (FDR < 0.15). We 
then performed a pathway analysis based on the identified genes and generated images using QIAGEN IPA 
 (Ingenuity® Systems, www. ingen uity. com).

Statistics. All comparisons between the control group and  H2 group were done with the paired t-test. The 
mean and standard deviation for these measurements were calculated for each group. Values of p < 0.05 were 
considered statistically significant.

Ethics approval. All animals were treated in accordance with the ARVO Statement for the Use of Animals 
in Ophthalmic and Vision Research. The studies were approved by the Animal Care and Use Committee of 
Nippon Medical School (approval number; H28-049, 2021-021).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 15 April 2022; Accepted: 2 August 2022

References
 1. Hartong, D. T., Berson, E. L. & Dryja, T. P. Retinitis pigmentosa. Lancet 368, 1795–1809 (2006).
 2. Bunker, C. H., Berson, E. L., Bromley, W. C., Hayes, R. P. & Roderick, T. H. Prevalence of retinitis pigmentosa in Maine. Am. J. 

Ophthalmol. 97, 357–365 (1984).
 3. Hayakawa, M. et al. Multicenter genetic study of retinitis pigmentosa in Japan: II Prevalence of autosomal recessive retinitis 

pigmentosa. Jpn. J. Ophthalmol. 41, 7–11 (1997).
 4. Nash, B. M., Wright, D. C., Grigg, J. R., Bennetts, B. & Jamieson, R. V. Retinal dystrophies, genomic applications in diagnosis and 

prospects for therapy. Transl. Pediatr. 4, 139–163 (2015).
 5. Komeima, K., Rogers, B. S., Lu, L. & Campochiaro, P. A. Antioxidants reduce cone cell death in a model of retinitis pigmentosa. 

Proc. Natl. Acad. Sci. USA 103, 11300–11305 (2006).
 6. Paschalis, E. I. et al. Microglia regulate neuroglia remodeling in various ocular and retinal injuries. J. Immunol. 202, 539–549 

(2019).
 7. Yoritaka, A. et al. Pilot study of  H2 therapy in Parkinson’s disease: A randomized double-blind placebo-controlled trial. Mov. Disord. 

28, 836–839 (2013).
 8. Zhao, L. et al. Microglial phagocytosis of living photoreceptors contributes to inherited retinal degeneration. EMBO Mol. Med. 7, 

1179–1197 (2015).

http://www.ingenuity.com


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:13610  | https://doi.org/10.1038/s41598-022-17903-8

www.nature.com/scientificreports/

 9. Rohowetz, L. J., Kraus, J. G. & Koulen, P. Reactive oxygen species-mediated damage of retinal neurons: Drug development targets 
for therapies of chronic neurodegeneration of the retina. Int. J. Mol. Sci. 19, 25 (2018).

 10. Campochiaro, P. A. & Mir, T. A. The mechanism of cone cell death in retinitis pigmentosa. Prog. Retin. Eye Res. 62, 24–37 (2018).
 11. Ohsawa, I. et al. Hydrogen acts as a therapeutic antioxidant by selectively reducing cytotoxic oxygen radicals. Nat. Med. 13, 688–694 

(2007).
 12. Oharazawa, H. et al. Protection of the retina by rapid diffusion of hydrogen: Administration of hydrogen-loaded eye drops in 

retinal ischemia-reperfusion injury. Invest. Ophthalmol. Vis. Sci. 51, 487–492 (2010).
 13. Lin, M. T. & Beal, M. F. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. Nature 443, 787–795 (2006).
 14. Fu, Y. et al. Molecular hydrogen is protective against 6-hydroxydopamine-induced nigrostriatal degeneration in a rat model of 

Parkinson’s disease. Neurosci. Lett. 453, 81–85 (2009).
 15. Fujita, K. et al. Hydrogen in drinking water reduces dopaminergic neuronal loss in the 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine mouse model of Parkinson’s disease. PLoS One 4, e7247 (2009).
 16. Tomofuji, T. et al. Effects of hydrogen-rich water on aging periodontal tissues in rats. Sci. Rep. 4, 5534 (2014).
 17. Gadani, S. P., Walsh, J. T., Lukens, J. R. & Kipnis, J. Dealing with danger in the CNS: The response of the immune system to injury. 

Neuron 87, 47–62 (2015).
 18. Murakami, Y., Ishikawa, K., Nakao, S. & Sonoda, K. H. Innate immune response in retinal homeostasis and inflammatory disorders. 

Prog. Retin. Eye Res. 74, 100778 (2020).
 19. Gupta, N., Brown, K. E. & Milam, A. H. Activated microglia in human retinitis pigmentosa, late-onset retinal degeneration, and 

age-related macular degeneration. Exp. Eye Res. 76, 463–471 (2003).
 20. Wang, N. K. et al. Origin of fundus hyperautofluorescent spots and their role in retinal degeneration in a mouse model of 

Goldmann–Favre syndrome. Dis. Model Mech. 6, 1113–1122 (2013).
 21. Genové, G., Mollick, T. & Johansson, K. Photoreceptor degeneration, structural remodeling and glial activation: A morphological 

study on a genetic mouse model for pericyte deficiency. Neuroscience 279, 269–284 (2014).
 22. Di Pierdomenico, J. et al. Neuroprotective effects of FGF2 and minocycline in two animal models of inherited retinal degeneration. 

Invest. Ophthalmol. Vis. Sci. 59, 4392–4403 (2018).
 23. Huang, J. L. et al. Hydrogen inhibits microglial activation and regulates microglial phenotype in a mouse middle cerebral artery 

occlusion model. Med. Gas Res. 9, 127–132 (2019).
 24. Zhao, Q. H. et al. Hydrogen inhalation inhibits microglia activation and neuroinflammation in a rat model of traumatic brain 

injury. Brain Res. 1748, 147053 (2020).
 25. Kameya, S. et al. Mfrp, a gene encoding a frizzled related protein, is mutated in the mouse retinal degeneration 6. Hum. Mol. Genet. 

11, 1879–1886 (2002).
 26. Almoallem, B. et al. The majority of autosomal recessive nanophthalmos and posterior microphthalmia can be attributed to biallelic 

sequence and structural variants in MFRP and PRSS56. Sci. Rep. 10, 1289 (2020).
 27. Bacci, G. M. et al. Novel mutations in MFRP and PRSS56 are associated with posterior microphthalmos. Ophthalm. Genet. 41, 

49–56 (2020).
 28. Crespí, J. et al. A novel mutation confirms MFRP as the gene causing the syndrome of nanophthalmos-renititis pigmentosa-

foveoschisis-optic disk drusen. Am. J. Ophthalmol. 146, 323–328 (2008).
 29. Sundin, O. H. et al. Extreme hyperopia is the result of null mutations in MFRP, which encodes a Frizzled-related protein. Proc. 

Natl. Acad. Sci. USA 102, 9553–9558 (2005).
 30. Chang, B. et al. Retinal degeneration mutants in the mouse. Vision Res. 42, 517–525 (2002).
 31. Hawes, N. L. et al. Retinal degeneration 6 (rd6): A new mouse model for human retinitis punctata albescens. Invest. Ophthalmol. 

Vis. Sci. 41, 3149–3157 (2000).
 32. Sluch, V. M. et al. ADIPOR1 is essential for vision and its RPE expression is lost in the Mfrp (rd6) mouse. Sci. Rep. 8, 14339 (2018).
 33. Velez, G. et al. Gene therapy restores Mfrp and corrects axial eye length. Sci. Rep. 7, 16151 (2017).
 34. Kautzmann, M. I. et al. Membrane-type frizzled-related protein regulates lipidome and transcription for photoreceptor function. 

Faseb J. 34, 912–929 (2020).
 35. Dinculescu, A. et al. Gene therapy for retinitis pigmentosa caused by MFRP mutations: Human phenotype and preliminary proof 

of concept. Hum. Gene Ther. 23, 367–376 (2012).
 36. Won, J. et al. Membrane frizzled-related protein is necessary for the normal development and maintenance of photoreceptor outer 

segments. Vis. Neurosci. 25, 563–574 (2008).
 37. Lew, D. S., Mazzoni, F. & Finnemann, S. C. Microglia inhibition delays retinal degeneration due to MerTK phagocytosis receptor 

deficiency. Front Immunol. 11, 1463 (2020).
 38. Murakami, Y. et al. Receptor interacting protein kinase mediates necrotic cone but not rod cell death in a mouse model of inherited 

degeneration. Proc. Natl. Acad. Sci. USA 109, 14598–14603 (2012).
 39. Di Pierdomenico, J., García-Ayuso, D., Agudo-Barriuso, M., Vidal-Sanz, M. & Villegas-Pérez, M. P. Role of microglial cells in 

photoreceptor degeneration. Neural Regen. Res. 14, 1186–1190 (2019).
 40. Hadziahmetovic, M. et al. The oral iron chelator deferiprone protects against retinal degeneration induced through diverse 

mechanisms. Transl. Vis. Sci. Technol. 1, 7 (2012).
 41. Lejkowska, R. et al. Preclinical evaluation of long-term neuroprotective effects of BDNF-engineered mesenchymal stromal cells 

as intravitreal therapy for chronic retinal degeneration in rd6 mutant mice. Int. J. Mol. Sci. 20, 777 (2019).
 42. Di Pierdomenico, J. et al. Bone marrow-derived mononuclear cell transplants decrease retinal gliosis in two animal models of 

inherited photoreceptor degeneration. Int. J. Mol. Sci. 21, 7252 (2020).
 43. Shimouchi, A., Nose, K., Shirai, M. & Kondo, T. Estimation of molecular hydrogen consumption in the human whole body after 

the ingestion of hydrogen-rich water. Adv. Exp. Med. Biol. 737, 245–250 (2012).
 44. Sano, M. et al. Pharmacokinetics of a single inhalation of hydrogen gas in pigs. PLoS One 15, e0234626 (2020).
 45. Wei, R., Zhang, R., Xie, Y., Shen, L. & Chen, F. Hydrogen suppresses hypoxia/reoxygenation-induced cell death in hippocampal 

neurons through reducing oxidative stress. Cell Physiol. Biochem. 36, 585–598 (2015).
 46. Zhang, L. et al. Sustained release of bioactive hydrogen by Pd hydride nanoparticles overcomes Alzheimer’s disease. Biomaterials 

197, 393–404 (2019).
 47. Hou, C. et al. Hydrogen-rich water improves cognitive impairment gender-dependently in APP/PS1 mice without affecting Abeta 

clearance. Free Radic. Res. 52, 1311–1322 (2018).
 48. Gao, Q. et al. Molecular hydrogen increases resilience to stress in mice. Sci. Rep. 7, 9625 (2017).
 49. Mizuno, K. et al. Hydrogen-rich water for improvements of mood, anxiety, and autonomic nerve function in daily life. Med. Gas 

Res. 7, 247–255 (2017).
 50. Yoritaka, A. et al. A randomized double-blind multi-center trial of hydrogen water for Parkinson’s disease: Protocol and baseline 

characteristics. BMC Neurol. 16, 66 (2016).
 51. Igarashi, T. et al. Direct comparison of administration routes for AAV8-mediated ocular gene therapy. Curr. Eye Res. 38, 569–577 

(2013).
 52. Igarashi, T. et al. Tyrosine triple mutated AAV2-BDNF gene therapy in a rat model of transient IOP elevation. Mol. Vis. 22, 816–826 

(2016).



12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:13610  | https://doi.org/10.1038/s41598-022-17903-8

www.nature.com/scientificreports/

 53. Igarashi, T., Miyake, K., Masuda, I., Takahashi, H. & Shimada, T. Adeno-associated vector (type 8)-mediated expression of soluble 
Flt-1 efficiently inhibits neovascularization in a murine choroidal neovascularization model. Hum. Gene Ther. 21, 631–637 (2010).

 54. Igarashi, T. et al. Adeno-associated virus type 8 vector-mediated expression of siRNA targeting vascular endothelial growth factor 
efficiently inhibits neovascularization in a murine choroidal neovascularization model. Mol. Vis. 20, 488–496 (2014).

 55. Shiozawa, A. L. et al. Tyrosine triple mutated AAV2-BDNF gene therapy in an inner retinal injury model induced by intravitreal 
injection of N-methyl-D-aspartate (NMDA). Mol. Vis. 26, 409–422 (2020).

 56. Ge, S. X., Son, E. W. & Yao, R. iDEP: An integrated web application for differential expression and pathway analysis of RNA-Seq 
data. BMC Bioinform. 19, 534 (2018).

Author contributions
T.I., I.O. and H.T. performed study concept and design; T.I., M.K., and S.K. performed development of 
methodology and writing, review and revision of the paper; M.K., Y.I., Y.M., M.S., and T.O. provided acquisition, 
analysis and interpretation of data, and statistical analysis; K.M., T.I., A.L.S., and I.S. provided technical and 
material support. All authors read and approved the final paper.

Funding
This work was supported in part by a Grant-in-Aid for Scientific Research (c) (18K09425) from the Ministry 
of Education, Science and Culture of Japan and MEXT (Ministry of Education, Culture, Sports, Science and 
Technology), and by a Nippon Medical School Grant-in-Aid for Medical Research. The funding organizations 
had no role in the design or conduct of this research.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 17903-8.

Correspondence and requests for materials should be addressed to T.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-17903-8
https://doi.org/10.1038/s41598-022-17903-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Drinking hydrogen water improves photoreceptor structure and function in retinal degeneration 6 mice
	Results
	Preservation of the H2 concentration in H2 water. 
	Hydrogen prevents outer retina thinning in rd6 mice. 
	Hydrogen protects rod function in rd6 mice. 
	Effect of hydrogen on histopathological changes, cell density in the outer nuclear layer, opsin redgreen positivity, and opsin blue positivity in retinal cross sections. 
	Hydrogen induces high expression of genes involved in phototransduction. 
	GFAP, monocytesmacrophages-2 (MOMA-2) positivity in retinal cross-sections and ionized calcium-binding adapter molecule 1 (Iba-1). 

	Discussion
	Methods
	Animals. 
	Preservation of the H2 concentration in H2 water. 
	OCT imaging. 
	ERGs. 
	Histology and thickness of the outer retina. 
	Immunohistochemistry. 
	RNA-seq and DEG analysis. 
	Statistics. 
	Ethics approval. 

	References


