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Hydrogen-rich water ameliorates neuropathological
impairments in a mouse model of Alzheimer’s disease
through reducing neuroinflammation and modulating
intestinal microbiota
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Abstract

Hydrogen exhibits the potential to treat Alzheimer’s disease. Stereotactic injection has been previously used as an invasive method of
administering active hydrogen, but this method has limitations in clinical practice. In this study, triple transgenic (3xTg) Alzheimer’s disease
mice were treated with hydrogen-rich water for 7 months. The results showed that hydrogen-rich water prevented synaptic loss and
neuronal death, inhibited senile plaques, and reduced hyperphosphorylated tau and neurofibrillary tangles in 3xTg Alzheimer’s disease mice.
In addition, hydrogen-rich water improved brain energy metabolism disorders and intestinal flora imbalances and reduced inflammatory
reactions. These findings suggest that hydrogen-rich water is an effective hydrogen donor that can treat Alzheimer’s disease. This study was
approved by the Animal Ethics and Welfare Committee of Shenzhen University, China (approval No. AEWC-20140615-002) on June 15, 2014.
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the pathogenesis of AD (Markesbery, 1997; Mostafavi et al.,
2018; Fang et al., 2019). Accumulating evidence suggests that
neuroinflammation plays an active role in the development
of AD (Park et al., 2018; Ozben and Ozben, 2019; Gray et
al., 2020). Epidemiological data have revealed that non-
steroidal anti-inflammatory drugs may decrease the incidence

Introduction

Although Alzheimer’s disease (AD) was identified more than
100 years ago, an effective treatment strategy currently
remains lacking (Frere and Slutsky, 2018; Jack et al., 2018).
The main pathological features of AD are senile plaques
and neurofibrillary tangles (NFTs), which are formed by

amyloid-B (AB) aggregates and hyperphosphorylated tau,
respectively. In addition, oxidative stress, inflammatory
responses, and autophagic abnormalities also contribute to

of AD (Daniels et al., 2016). However, other studies have
demonstrated that non-steroidal anti-inflammatory drugs may
aggravate conditions in AD or increase the risk of this disease
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(Sehajpal et al., 2018). It is therefore necessary to develop
effective anti-inflammatory AD drugs with low toxicity.

Hydrogen molecules are a special kind of antioxidant. As a
gas molecule, hydrogen possesses the advantages of easy
diffusion, fast action, and no obvious adverse reactions
(Ohta, 2015; lida et al., 2016). Furthermore, it is regarded as
a promising potential therapy for many inflammation-related
diseases, including neurodegenerative diseases, cancer,
stroke, and ischemic injury (lida et al., 2016; Yang et al., 2018;
Zhang et al., 2019). Hydrogen has therefore been suggested
as another important biologically active gas molecule, after
nitric oxide, hydrogen sulfide, and carbon monoxide (Zhang
and Bian, 2014, Olas, 2017; Kumar and Sandhir, 2018; Corpas
et al., 2019). Recently, we developed palladium hydride
nanoparticles and delivered them to the brains of AD model
mice using stereotactic injection. This treatment showed
promising potential as an AD therapy by eliminating oxidative
stress and alleviating mitochondrial dysfunction (Zhang et
al.,, 2019). However, stereotactic brain injection is invasive.
In the present study, we therefore investigated the effects
of hydrogen-rich water (HRW) treatment, which is a safer
and more convenient administration route for hydrogen, on
AD pathology. We used HRW in a mouse model of AD and
observed its therapeutic effects.

Materials and Methods

Ethics statement

All animal handling and experiments were performed in strict
accordance with the institutional guidelines of Shenzhen
University regarding experimental animal use, and were
approved on June 15, 2014, by the Animal Ethics and Welfare
Committee of Shenzhen University (approval No. AEWC-
20140615-002). All procedures were conducted in accordance
with the ethical standards of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Animals and intervention

The HRW was gifted from Beijing Vitality Hydrogen Source
Beverage Ltd. (Beijing, China), and the hydrogen concentration
was greater than 1.6 parts per million. The triple transgenic
(3xTg)-AD model mice expressed the mutant human
genes TauP301L and APPswe, and the mutant mouse gene
PS1M146V. According to previous research on this mouse
model (Oddo et al., 2003; Billings et al., 2005), Ap begins to
accumulate in the neurons at 4 months old, and gradually
spreads outside the neurons. The accumulation of A may
cause neuronal dysfunction, which can lead to cognitive
deficits. The 3xTg-AD mice (n = 30, 25-30 g) and B6:129SF2/
J (wild-type, WT) mice (n = 15, 25-30 g) were purchased from
the Jackson Laboratory (Bar Harbor, ME, USA). To avoid the
influences of sex and estrogen, three-month-old male mice
only were used in the study. The 3xTg-AD mice were randomly
divided into 3xTg-AD (AD; n = 15) and HRW-treated 3xTg-AD
(AD + HRW; n = 15) groups, and the B6:129SF2/J mice were
used as controls (n = 15). After being trained with a time-
limited water supply (water was only provided from 10:00 a.m.
to 2:00 p.m. every day) for 30 days, the 3-month-old 3xTg-AD
mice in the AD + HRW group were given HRW for 7 months,
while the mice in the AD group were treated with normal
drinking water for 7 months.

Behavioral tests

The Morris water maze experiment was used to test the
spatial learning and memory abilities of 10-month-old mice, as
previously described (Xie et al., 2018). The entire experiment
lasted for 8 days, and consisted of two parts: training (days 1
to 5) and testing (days 6 and 8). Each mouse was gently placed
in the water in the first quadrant and was allowed 60 seconds
to find the platform. If the mouse failed to find the platform
within 60 seconds, it was gently guided to the platform and

allowed to remain there for 10 seconds. The escape latency
was recorded by a camera system. The probe tests, with the
platform removed, were performed 24 and 72 hours after
the final training trial to assess short- and long-term memory
consolidation. During the tests, mice were released into the
water from an identical point in the first quadrant and allowed
to swim freely for up to 120 seconds. Time spent in the target
quadrant (quadrant Ill) and the number of target crossings
(i.e., the former platform site) were recorded. All tests were
analyzed using an automatic water maze program (Water
Maze MT-200, Taimeng Technology Co., Ltd., Chengdu, China).
The open-field test was performed according to previous
protocols (Hammer et al., 2014; Shoji et al., 2016) with a few
modifications. A polyvinyl chloride box (100 cm x 100 cm x 40
cm) (Zhishu Duobao Biotechnology Co., Ltd., Beijing, China)
with the bottom equally divided into 25 squares was used
as the open field. During the test, each mouse was released
into the center of the box and then allowed to explore for
3 minutes. Three parameters were collected: number of
grids crossed (grids were only counted if all limbs of the
mouse entered the grid), rearing frequency, and defecation
frequency.

Sample collection

After the behavioral tests, mice were anaesthetized using
isoflurane (Reward Life Technology Co., Ltd., Shenzhen,
China). The mouse brains were then collected and soaked
in phosphate-buffered saline (PBS) for 30 minutes before
being divided into the left and right hemispheres. The
hippocampus and cortex were dissected from the right
hemisphere and stored at —80°C for the subsequent
biochemical and western blot analyses. The other hemisphere
was fixed in 4% phosphate-buffered paraformaldehyde for
immunofluorescence, silver staining, and Nissl staining. In
addition, the cecal contents (150-200 mg) were collected and
frozen for the gut microbiota analysis.

Western blot analysis

Western blot analysis was performed to determine protein
levels in the mouse hippocampus, as previously described (Xie
et al., 2018). The blots were incubated with primary antibody
overnight at 4°C, and were then incubated with horseradish
peroxidase-conjugated secondary antibody for 2 hours at
room temperature. All primary and secondary antibodies used
in this study are summarized in Additional Table 1. Protein
bands were visualized using the Image Station (Tanon-5200,
Tanon Science & Technology Co., Ltd., Shanghai, China) using
an enhanced chemiluminescence detection reagent. The
band intensities of immunoblots were quantified using Image)
software (National Institutes of Health, Bethesda, MD, USA).

Immunofluorescence, glycine silver staining, and Nissl
staining

Brain tissue was fixed in 4% paraformaldehyde for 24 hours,
cryopreserved overnight in graded sucrose solutions at 4°C,
and embedded in optimal cutting temperature compound.
Subsequently, the embedded tissue blocks were cut into 8 um
sections, which were mounted onto adhesive glass slides.

For immunofluorescence experiments, sections were
rinsed with PBS, permeabilized with 2% Triton X-100,
and blocked with 1% bovine serum albumin in PBS with
Tween-20. Next, sections were incubated overnight at 4°C
with primary antibodies, followed by incubation with Dylight
488/594-conjugated secondary antibodies for 1.5 hours at
room temperature (Additional Table 1). After being washed
with PBS with Triton X-100, the sections were stained with
4',6-diamidino-2-phenylindole for 5 minutes and then
sealed with anti-fluorescence quenching sealant (Beyotime,
Shanghai, China). Finally, the images were captured using a
confocal microscope (FV1000, Olympus Corporation, Tokyo,
Japan). The AB, ionized calcium-binding adapter molecule 1
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(Iba-1), and DAPI signals were evaluated using Image Pro Plus
software (Media Cybernetics, Inc., Rockville, MD, USA), and
the results were expressed as AB/DAPI or Iba-1/DAPI.

For the glycine sliver staining, sections were de-stained and
sequentially treated with xylene, anhydrous ethanol, 75%
ethanol, and water. The sections were subsequently stained
in an acidic formaldehyde solution for 5 minutes and washed
three times with distilled water. Thereafter, the sections were
stained for 3-5 minutes with glycine silver solution that had
been preheated to 37°C, and were then treated with reducing
solution and washed with distilled water. Finally, the sections
were observed using a confocal microscope (FV1000, Olympus
Corporation). The NFT-positive areas were evaluated using
Image Pro Plus software, and the results were expressed as
the percentage of NFT-occupied area.

For Nissl staining, the sections were washed twice with PBS,
dehydrated through an ethanol gradient, and immersed in
xylene. After being stained with cresyl violet (0.5%) for 10
minutes, the sections were observed using a fluorescence
microscope (BX51, Olympus Corporation). The Nissl-positive
areas were assessed using Image Pro Plus software, and the
results were expressed as the percentage of Nissl-positive
area.

Adenosine triphosphate measurement

Adenosine triphosphate (ATP) levels in fresh hippocampal
tissue were measured using an ATP assay kit (Beyotime). Each
sample (20 mg) was homogenized in lysis buffer (150 uL;
Beyotime) and centrifuged at 12,000 r/min for 5 minutes at
4°C. The collected supernatants were seeded into the wells
of a 96-well plate containing ATP assay medium (100 pL).
Subsequently, the relative light unit was determined using a
luminometer (SpectraMAX 190 Microplate Reader, Molecular
Devices, San Jose, CA, USA) and normalized against protein
concentrations that were quantified using the bicinchoninic
acid assay (Smith et al., 1985).

Gut microbiota analysis

The 16S ribosomal RNA gene was sequenced from cecal
contents. The MetaVx Library Preparation kit (GENEWIZ,
Inc., South Plainfield, NJ, USA) was used to prepare amplicon
libraries. The DNA library was then evaluated using Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA), and quantified
with Qubit 2.0 Fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA). The 16S ribosomal RNA data analysis
was performed using QIIME data analysis software (http://
www.wernerlab.org/software/macgiime/citations). Quality
filtering was executed to remove any low-quality sequences.
Next, sequences with 97% similarity were quantified into
operational taxonomic unit thresholds using the clustering
program VSEARCH 1.9.6 (https://zenodo.org/record/44512).
The taxonomy of the sequences was further determined
using the Ribosomal Database Project Classifier (http://rdp.
cme.msu.edu/classifier/classifier.jsp) at a minimum threshold
of 0.8. With the analysis of operational taxonomic units,
the a diversity indices Chaol and Shannon were calculated
using a random sampling method of sample sequence, and
rarefaction curves were drawn. Unbiased UniFrac analysis
(Lozupone and Knight, 2005) was used to determine whether
there were significant differences in microbial communities
between samples.

Statistical analysis

All data are expressed as the mean + standard error of the
mean (SEM). The significance level was established as P < 0.05.
Statistical analyses were performed using one-way analysis
of variance followed by Tukey’s post hoc test with GraphPad
Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA).

Results

HRW improves cognitive impairment in 3xTg-AD mice

To investigate the role of HRW in the learning and memory
abilities of 3xTg-AD mice, the Morris water maze test was
performed after 7 months of HRW treatment. The 3xTg-AD
mice had difficulties in searching for the hidden platform
compared with WT mice, and had chaotic and irregular
swimming traces, suggesting that these mice have defective
learning and memory abilities. In contrast, after HRW
treatment, the 3xTg-AD mice exhibited improvements in
cognitive impairment. Escape latency was gradually shortened
during the 5 days of spatial training in all of these mice (Figure
1A and B).

At 24 or 72 hours later, short- or long-term memory retention,
respectively, was assessed using the probe trials. As shown
in Figure 1C and D, the number of platform crossings and
the amount of time mice spent in the target quadrant
were much lower in the AD group than in the WT group (P
< 0.001), indicating memory impairments in the 3xTg-AD
mice. Surprisingly, HRW-treated 3xTg-AD mice demonstrated
noticeable increases in the number of platform crossings and
the amount of time spent in the target quadrant (P < 0.05 or
P < 0.01, vs. AD group). In particular, the long-term memory
dysfunction of 3xTg-AD mice was significantly improved by
HRW.

In addition, to evaluate the anti-depression and anti-
anxiety effects of HRW, the anxiety behaviors of mice
were evaluated using the open-field test. Compared with
WT mice, the number of grids crossed and the amount of
rearing by the 3xTg-AD mice were significantly lower, while
defecation frequency was increased (P < 0.001). These
findings demonstrate the typical depression- and anxiety-
like symptoms of 3xTg-AD mice. In contrast, HRW treatment
improved these emotional disorders in 3xTg-AD mice, with
an increased frequency of grid crossings and rearing and a
decreased frequency of defecation (P < 0.05; Figure 1E). The
results of these behavioral tests indicate that HRW treatment
ameliorates the spatial learning and cognitive impairments of
3xTg-AD mice.

HRW prevents synaptic loss and neuronal damage in
3xTg-AD mice

The effects of HRW on the hippocampal levels of typical
synaptic markers (postsynaptic density protein 95 and
synaptophysin) were evaluated. As shown in Figure 2A and B,
the levels of these two synaptic proteins in 3xTg-AD mice with
HRW treatment reached or even exceeded those in the WT
mice (P < 0.05), suggesting that HRW promotes the recovery
of synaptic function in AD model mice.

Neuronal death leads to the collapse of neural networks and
further contributes to memory and cognitive impairments in
neurodegenerative diseases, including AD (Vilalta and Brown,
2018). Here, neuronal injury in the CA1, CA3, dentate gyrus,
and cortex (Paxinos and Franklin, 2013) was analyzed by
Nissl staining. As shown in Figure 2C and D, HRW treatment
significantly increased the density and number of Nissl bodies
in 3xTg-AD mice (P < 0.05 or P < 0.01). Thus, our findings
indicate that HRW protects synaptic proteins and reverses
neuronal damage in 3xTg-AD mice.

HRW suppresses AP production and deposition in the
hippocampus of 3xTg-AD mice

To investigate the effects of HRW on AR pathology, the
hippocampal levels of APP, secreted soluble APP a (sAPPa),
and B-site APP-cleaving enzyme 1 (BACE1/B-secretase) were
measured (Figure 3). In the western blot analysis, the levels of
APP were higher in 3xTg-AD mice than in WT mice (P < 0.05),
and were significantly reduced after HRW treatment (P < 0.001;
Figure 3A and B). The BACE1 levels were also significantly
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reduced after HRW treatment (P < 0.001).

We used an anti-AB (6E10) antibody to perform
immunofluorescence staining of hippocampal sections
(CA3 region) to study AR deposition (Figure 3C). The
immunofluorescence-positive area of AR deposition in the
3xTg-AD mouse hippocampus was markedly larger than that
of WT mice (P < 0.01), and was significantly reduced after
HRW administration (P < 0.05; Figure 3C and D). In addition,
the decreased sAPPa levels in 3xTg-AD mice were partially
recovered by HRW treatment, suggesting a neuroprotective
effect of hydrogen (P < 0.05; Figure 3A and B). Together, these
results indicate that HRW treatment has an intervention effect
on the proteolysis of APP and on AB formation and deposition.

HRW suppresses tau hyperphosphorylation and NFT
formation in 3xTg-AD mice

As shown in Figure 4A and B, HRW treatment significantly
inhibited tau phosphorylation at Ser422 and Ser404 in 3xTg-
AD mice (P < 0.05). In addition, glycine silver-positive NFTs
were significantly decreased in the CA3 region in the HRW-
treated group compared with 3xTg-AD mice (P < 0.05; Figure
4C and D). These results indicate that HRW treatment can
reduce tau pathology, which may prevent synaptic and
neuronal damage and memory deficits in AD mice.

HRW inhibits inflammation and transforms microglia in an
anti-inflammatory direction in 3xTg-AD mice

After the continuous administration of HRW for 7 months, levels
of the pro-inflammatory factors interleukin-6 and interleukin-
1B were decreased (P < 0.05 or P < 0.01) compared with the
AD group, while levels of the anti-inflammatory factor chitinase
3-like protein 3 (Ym-1) were increased (P < 0.01; Figure 5A
and B). Iba-1 and glial fibrillary acidic protein are the classic
indicators of microglia and astrocyte activation, respectively.
Further western blot and immunofluorescence experiments
demonstrated that hydrogen had a regulatory effect on glial
cells, including microglia and astrocytes (Figure 5A and C-G).
By western blot analysis, the levels of microglia and astrocytes
were increased in 3xTg-AD mice compared with WT mice (P <
0.01 or P < 0.05), while HRW treatment significantly reduced
the levels of these two glial cell types (P < 0.01 or P < 0.05;
Figure 5A and C). In addition, the immunofluorescence-
positive area of Iba-1 in the 3xTg-AD mouse cortex was larger
than that of WT mice (P < 0.001), and was significantly reduced
after HRW treatment in both the cortex and DG (P < 0.001 or
P < 0.05; Figure 5D-G). These findings indicate that HRW can
reduce pro-inflammatory cytokine production and enhance the
secretion of anti-inflammatory factors, thereby exerting anti-
inflammatory effects.

HRW improves bioenergetics in the brains of 3xTg-AD mice
We determined the levels of several proteins that are related
to mitochondrial energetics (pyruvate dehydrogenase

component a subunit [PDHE1a], cytochrome ¢ oxidase [COX]
IV, and NADH dehydrogenase subunit 1 [ND1]) to assess the
effects of HRW on mitochondrial energy metabolism. By
western blot, the levels of these proteins were markedly lower
in 3xTg-AD mice compared with WT mice (P < 0.05, P < 0.01,
or P < 0.001; Figure 6A and B), indicating the typical impaired
mitochondrial function and bioenergetic deficiency of AD.
HRW treatment significantly increased the PDHE1a levels (P
< 0.05). Similarly, ATP concentrations in the 3xTg-AD mouse
hippocampus were also increased by HRW treatment (P < 0.05;
Figure 6C). In this study, HRW was shown to be effective in
reducing metabolic dysfunction and neuroinflammation in AD
by manipulating the bioenergetic pathway.

HRW regulates the gut microbiota of 3xTg-AD mice

The bacterial 16S ribosomal RNA genes were extracted from
intestinal samples of 10-month-old mice and sequenced.
In terms of bacterial communities, the Chaol index was
significantly smaller in 3xTg-AD mice than in WT mice (P < 0.01),
while HRW treatment increased the Chaol index (Figure 7A).
The diversification reflected in the Shannon index was similar
to that in the Chaol index (Figure 7B). The a diversity analysis
(Chaol and Shannon indices) revealed that the richness of
bacterial species and diversity were lower in the intestines of
3xTg-AD mice than in WT mice; HRW administration increased
the richness and diversity of intestinal microflorae in 3xTg-AD
mice. The rarefaction curve also illustrated that HRW treatment
recovered the richness and diversity of intestinal microbiota in
the 3xTg-AD mice (Figure 7C).

The Lachnospiraceae-NK4A136-group was the dominant
bacterial type in all three groups of mice (Figure 7D),
except for unclassified bacteria. Other genera with a
relative abundance higher than 3% in each group are also
depicted in Figure 7D, including Helicobacter in all three
groups, Ruminococcaceae-UCG-014 in the WT and HRW-
treated groups, and Alloprevotella in the 3xTg-AD and HRW-
treated groups. Compared with the WT mice, the relative
abundances of Lachnospiraceae-NK4A136-group (7%)
and Ruminococcaceae-NK4A136-group (< 4%, classified
into “others”) were lower in the 3xTg-AD mice (P < 0.05;
Figure 7D and E). Interestingly, the relative abundances of
Lachnospiraceae-NK4A136-group and Ruminococcaceae-
UCG-014 were enhanced after HRW treatment (Figure 7D
and E), which may be one reason underlying the protective
effects of HRW against the development of AD pathology.
In addition, the abundance of Helicobacter in 3xTg-AD mice
was decreased from 6% to 4% by HRW treatment (Figure
7E). Together, our findings indicate a correlation between
microbiota and the anti-AD effects of HRW administration.
HRW treatment increased the abundance and diversity of
intestinal microbiota in AD mice and regulated the relative
abundance of specific flora, which may affect the pathological
process of AD.
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mice were significantly reduced by HRW. Scale bar: 50 um. (D) Quantification of NFTs in the hippocampal CA3 region. Data are expressed as the mean + SEM
(n =3 mice/group). *P < 0.05 (one-way analysis of variance followed by Tukey’s post hoc test). AD: Alzheimer’s disease; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase; HRW: hydrogen-rich water; NFTs: neurofibrillary tangles; WT: wild type.
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Figure 5 | Effects of HRW treatment on inflammation in the 3xTg-AD mice.

(A) Effects of HRW on the hippocampal levels of Ym-1, IL-6, TNF-q, IL-1B, Iba-1, and GFAP in mice. (B, C) Quantification of Ym-1, IL-6, TNF-q, IL-1B, Iba-1,

and GFAP, normalized against GAPDH. (D, F) The deposition of Iba-1 in the cortex (D) and hippocampal DG (F) was detected by immunofluorescence, and

the overactivation of microglia in AD mice was clearly inhibited by HRW. Arrows indicate active Iba-1 (microglia). Scale bars: 50 um. (E, G) Quantification

of Iba-1 deposition in the cortex and hippocampal DG (G). Data are expressed as the mean = SEM (n = 3 mice/group). *P < 0.05, ¥**P < 0.01, ***P < 0.001
(one-way analysis of variance followed by Tukey’s post hoc test). AD: Alzheimer’s disease; DAPI: 4',6-diamidino-2-phenylindole; DG: dentate gyrus; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; GFAP: glial fibrillary acidic protein; HRW: hydrogen-rich water; Iba-1: ionized calcium-binding adapter molecule 1;
IL-1B: interleukin-1B; IL-6: interleukin-6; TNF-a: tumor necrosis factor-a; WT: wild type; Ym-1: chitinase 3-like protein 3.

Figure 6 | Effects of HRW on bioenergetics in the
hippocampus of 3xTg-AD mice.
(A) Effects of HRW on the hippocampal levels
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Discussion

The synapse is the basic unit for building neural networks
in the brain (Vilalta and Brown, 2018). AR oligomers,
phosphorylated tau, and oxidative stress all contribute to
synaptic deficits, which are regarded as an early event of AD
(Hong et al., 2016; Forner et al., 2017; Batista et al., 2018; Rice
et al., 2019). In the present study, HRW treatment repaired the
loss of synapses and neuronal damage in an AD mouse model.
As reported previously, damage by reactive oxygen species
contributes to the important neuropathological hallmarks of
AD, including synaptic deficits and neuronal death (Rai et al.,
2014; Deas et al., 2016; Angelova and Abramov, 2018). Thus,
we hypothesize that hydrogen reduces the overproduction of
reactive oxygen species, exerts further protection to synapses
and neurons, and thus restores cognitive functions in AD.

AB is generated by the sequential proteolysis of APP by - and
y-secretases (Allsop et al., 1988; Billings et al., 2005). AB,_,, is
the most abundant form of AB species (about 80—90% of all
AB), whereas AB,_,, (about 5-10% of all AB) is the main form
that results in synaptic damage and neuronal death in the AD
brain (Bozso et al., 2010). APP is cleaved by a- and y-secretases
to produce sAPPa through the non-amyloidogenic pathway.
sAPPa is reported to have a variety of neuroprotective
effects (Kojro et al., 2001; Selkoe and Schenk, 2003). In the
current study, HRW treatment significantly decreased the
levels of APP and AR in 3xTg-AD mice, but increased sAPPa
levels, suggesting that HRW has an intervention effect on the
proteolysis of APP and on AB formation and deposition.

Tau is a microtubule-associated protein (Roberson et al., 2011;
Guo et al,, 2017). However, under pathological conditions,
hyperphosphorylated tau disassociates from microtubules
and assembles into NFTs (Congdon and Sigurdsson, 2018;
Lowe et al., 2018), which are a critical pathological marker
of AD (Spires-Jones et al., 2017; Villemagne et al., 2018). Tau
and phosphorylated tau (pTau) have attracted considerable
attention in recent years in terms of mechanism studies and
drug discovery for AD. We revealed that HRW treatment
reduced tau pathology, which may prevent synaptic and
neuronal damage and memory deficits in AD mice.

Increasing evidence indicates that neuroinflammation is
characteristic of AD. Inflammation is not only the main
pathophysiological mechanism of AR production and
senile plaque formation, but it is also a main factor in tau
hyperphosphorylation, NFT formation, neuronal degeneration,
and acetylcholine decline (Billings et al., 2005; lketani and
Ohsawa, 2017; Yang et al., 2018; Du et al., 2021). Inflammation
disrupts synaptic plasticity as a direct driver of cognitive
impairment in AD (Hong et al., 2016). Microglia and astrocytes
are the main cell types involved in inflammatory responses of
the central nervous system, which are extensively activated in
AD brains (Heneka et al., 2015). At present, most treatments
of large-scale anti-inflammatory drugs for AD deliver no
significant improvement. Although some non-steroidal anti-
inflammatory drugs have provided some improvement in
AD symptoms in clinical trials, the overall significance is not
great (Daniels et al., 2016; Sehajpal et al., 2018). Recently,
molecular hydrogen has been reported to exhibit anti-
inflammatory effects in many studies (Kura et al., 2019). In the
current study, we observed that an anti-inflammatory role of
hydrogen also existed in 3xTg-AD mice. The inflammatory and
anti-inflammatory factors that we detected, which are mainly
produced and released by activated microglia, are thought to
play important roles in AD pathogenesis, and lead to neuronal
damage, apoptosis, and immune modulation. Activated
microglia include classical inflammatory (M1) phenotypes
and alternatively activated (M2) phenotypes (Kabba et al.,
2018). M1 microglia produce and release destructive pro-
inflammatory cytokines (Kumar et al., 2016); in contrast,
M2 microglia express anti-inflammatory factors (Jha et al.,

2016). Our results indicate that hydrogen may inhibit the
excessive activation of microglia, transforming them in an anti-
inflammatory direction (i.e., to M2 phenotypes).

Bioenergetic deficits have been regarded as a major
contributor to cognitive decline and memory deficits (Su et al.,
2014; Zhou et al., 2018; Filippov et al., 2021). The bioenergy
hypothesis proposes events ranging from metabolic defects
to aging and neurodegeneration. Loss of mitochondrial
bioenergetics in AD leads to the decreased activity of relevant
enzymes, which causes a reduction in the electron transport
chain as well as energy (i.e., ATP) depletion (Ohno et al., 2012;
Sheng and Cai, 2012; Su et al., 2014; Park et al., 2018; Zhou
et al., 2018; Kempuraj et al., 2020). Pyruvate dehydrogenase
complex is a key enzyme in aerobic carbohydrate metabolism
(Zhong et al., 2015) whose deficiency is known to cause
severe metabolic and neurodegenerative diseases (Zhou et
al., 2018). Mitochondrial COX, a multimeric complex that
is the last enzyme of the respiratory chain, is essential for
aerobic energy generation in the form of ATP (Su et al.,
2014; Kocha et al., 2015). NADH is a part of mitochondrial
complex 1, which is the initial enzyme of the mitochondrial
respiratory chain. Some previous research has suggested that
inflammatory signals result in the enhanced phosphorylation
of mitochondrial targets, including COX, leading to
the inhibition of mitochondrial function, reduction of
mitochondrial membrane potential, and energy failure (Zhong
et al., 2016; Nishida and Otsu, 2017; Tilg et al., 2017; Biczo et
al., 2018; Li et al., 2018). Moreover, mitochondrial dysfunction
can also cause neuroinflammation (Zhou et al., 2018). In the
present study, hydrogen was effective in reducing metabolic
dysfunction and neuroinflammation in AD by manipulating the
bioenergetic pathway.

A mounting number of studies have reported that microbiota,
which live in symbiosis with animals, are a very important
factor influencing the health of the host (Kabba et al., 2018;
Yao and Zu, 2020). The gut microbiota integrate into the
microbiota-gut-brain axis to regulate brain function and
behavior (Valles-Colomer et al., 2019), and a correlation
analysis has revealed that gut microbial metabolites are
associated with AD (MahmoudianDehkordi et al., 2019; Tran
et al., 2019). A variety of factors, including diet, can cause
changes in gut microbiota and gut physiology. Here, we
further investigated whether HRW may interfere with the gut
microbiota of AD mice.

Previous studies have shown that Lachnospiraceae-NK4A136-
group and Ruminococcaceae-UCG-014 are beneficial bacteria.
Lachnospiraceae-NK4A136-group belongs to the family of
Lachnospiraceae, which is thought to be relevant for the
metabolism of carbohydrates into short-chain fatty acids that
can be used by the host for energy (Manuel et al., 2019; Wang
et al., 2019). Helicobacter pillory is related to gastritis and is
a causative agent of gastric and duodenal ulcers (Albaret et
al., 2020). The relative abundance of the Lachnospiraceae-
NK4A136-group may be associated with increased intestinal
mucosal permeability in patients with depression (Cheng et
al., 2018). Ruminococcaceae-UCG-014, which belongs to the
family of Ruminococcaceae, is regarded as a special functional
microflora that can modulate the metabolism of host amino
acids. It has great regulatory potential for persistent mental
illnesses, such as mental state wilting and drowsiness
(Gopalakrishnan et al., 2018). Thus, the decreased relative
abundance of these two beneficial bacteria in the intestines
of 3xTg-AD mice may be associated with declined metabolic
capacity, altered mental state, depression-like behavior, and
wilting in 3xTg-AD mice.

Some limitations of the study should be noted. First, young
mice were subjected to long-term treatment of single-dose
HRW. This study therefore suggests more of a preventative
effect rather than a therapeutic effect of HRW on AD.
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Furthermore, we were unable to identify whether the
effect was dose-dependent. Second, the current study did
not provide any information about the specific receptors/
enzymes or cellular pathways on which HRW might act during
neuroprotection. This should be considered in a future study.

In conclusion, a strong relationship between inflammation
and the pathogenesis of AD has been demonstrated in
numerous studies. As a novel and innovative therapeutic
treatment, hydrogen may be developed as a potential therapy
to treat diverse inflammatory diseases, including AD. In the
current study, 3xTg-AD mice were treated with HRW, which
reversed cognitive impairment, prevented synaptic loss and
neuronal death, inhibited AB generation and deposition, and
reduced tau hyperphosphorylation and NFTs. We further
demonstrated that HRW treatment exerted anti-inflammatory
effects that were accompanied by improved bioenergetics and
gut microbiota regulation in AD model mice. These findings
demonstrate the encouraging potential of hydrogen as a
therapeutic and prophylactic agent for neurodegenerative
diseases, and suggest a new direction for AD treatment in the
future.
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Additional Table 1 Antibody information
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Antibody Host Application Source Dilutions
PSD95 Rabbit WB Abcam (Cambridge, MA, USA) 1:1000
Syna Rabbit WB Abcam 1:50000
APP Rabbit WB Abcam 1:20000
Bace-1 Rabbit WB Abcam 1:3000
sAPP-a Rabbit WB Biolegend (San Diego, CA, USA) 1:5000
AB (6E10) Mouse IF Biolegend 1:5000
pS262-tau Rabbit WB Abcam 1:300
pS422-tau Rabbit WB Abcam 1:15000
pS404-tau Rabbit WB Abcam 1:1000
Ym-1 Rabbit WB Abcam 1:900
IL-6 Rabbit WB Abcam 1:1000
TNF-a Rabbit WB Abcam 1:1000
IL-1P Rabbit WB Abcam 1:4000
Iba-1 Rabbit WB/IF Abcam 1:1000/1:100
GFAP Rabbit WB Abcam 1:10000
PDHEla Rabbit WB Abcam 1:2500
COX 1V Rabbit WB Abcam 1:2000
NDI Rabbit WB Abcam 1:10000
B-Actin Mouse WB Proteintech (Chicago, IL, USA) 1:25000
GAPDH Mouse WB Abways (Beijing, China) 1:20000
VDACI1 Rabbit WB Abcam 1:10000
Goat anti-mouse Goat WB Abmart (Shanghai, China) 1:8000
IgG-horseradish

peroxidase

Goat anti-rabbit Goat WB Abmart 1:8000
IgG-horseradish

peroxidase

DyLight488 goat Goat IF Multi Sciences (Hangzhou, China) 1:500
anti-mouse IgG Multi Sciences

DyLight488 goat Goat IF 1:500

anti-rabbit IgG

APP: Amyloid precursor protein; Ap (6E10): f-amyloid; Bace-1: beta-site APP cleaving enzyme 1; COX IV:
Cytochrome C oxidase subunit IV; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GFAP: glial fibrillary

acidic protein; Iba-1: ionized calcium binding adapter molecule 1; IF: immunofluorescence; IL-1p: interleukin-1§;

IL-6: interleukin-6; ND1: NADH-ubiquinone oxidoreductase chain 1; PDHE1a: a-subunit of pyruvate

dehydrogenase; PSD9S5: postsynaptic density protein 95; sAPP-a: soluble amyloid precursor protein o; Syna:

synaptophysin; TNF-a: tumor necrosis factor-a; VDACI: voltage dependent anion channel 1; WB: Western blot;

Ym-1: molecule chitinase 3 like protein 3.



