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Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder in which amyloid-
beta (Aβ) accumulation, oxidative stress (OS), and chronic inflammation drive synaptic
dysfunction and cognitive decline. Molecular hydrogen (H2) has emerged as a candi-
date neuroprotective gas with selective antioxidant and anti-inflammatory properties,
although its efficacy in amyloid-driven pathology remains incompletely defined. In this
study, 5xFAD transgenic mice harboring human amyloid precursor protein (APP) and
presenilin-1 (PSEN1) mutations and age-matched C57BL/6 wild-type mice were exposed
to 2% H2 by inhalation for 1 h/day over 4 weeks. H2 inhalation reduced hippocampal reac-
tive oxygen species (ROS), increased systemic catalase activity, and enhanced hippocampal
ATP levels. In serum, H2 decreased tumor necrosis factor-α (TNF-α) and interleukin
(IL)-1β, restored IL-10, and partially normalized IL-13, shifting the peripheral environment
toward a less pro-inflammatory profile. In the hippocampus, H2 upregulated nuclear factor
erythroid 2-related factor 2 (NRF2), attenuated nuclear factor kappa B (NF-κB) activation, re-
duced the BAX/BCL-2 ratio, preserved neuronal nuclei (NEUN) expression, and decreased
hippocampal Aβ42 burden. Collectively, these findings indicate that H2 inhalation confers
multi-faceted neuroprotection in 5xFAD mice by restoring redox homeostasis, suppressing
inflammation, improving mitochondrial function, and limiting Aβ accumulation.

Keywords: molecular hydrogen (H2); hydrogen gas inhalation; Alzheimer’s disease;
oxidative stress (OS); neuroinflammation; amyloid-beta (Aβ); neuroprotection; 5xFAD
mouse model

1. Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized

by cognitive decline and behavioral disturbances, with primary pathological features
including extracellular amyloid beta (Aβ) deposition, intracellular neurofibrillary tangles
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composed of hyperphosphorylated tau protein, and widespread synaptic dysfunction with
neuronal loss [1]. Epidemiological studies indicate that AD accounts for approximately
60–80% of dementia cases worldwide [2,3]. With accelerating population aging, dementia
incidence continues to rise, posing an urgent public health challenge, and the number
of individuals living with dementia is projected to reach approximately 131.5 million
by 2050 [4]. Despite decades of research focused on Aβ and tau pathology, no disease-
modifying therapies have demonstrated sustained clinical efficacy, reflecting the complexity
and heterogeneity of AD pathogenesis [5].

Accumulating evidence indicates that mitochondrial dysfunction, oxidative stress
(OS), and chronic neuroinflammation act in concert to drive neurodegeneration in AD [6–8].
In the AD brain, impaired mitochondrial oxidative phosphorylation and electron transport
chain instability lead to excessive generation of reactive oxygen species (ROS), reduced
ATP synthesis, and failure to meet neuronal metabolic demands [9]. Excess ROS dam-
age mitochondrial DNA [10], membrane lipids [11], and proteins, disrupt mitochondrial
membrane potential, and promote mitochondrial permeability transition pore opening [12],
collectively lowering cellular tolerance to Aβ toxicity.

Under physiological conditions, the nuclear factor erythroid 2-related factor 2 (NRF2)
pathway preserves intracellular redox balance by inducing detoxifying and antioxidant en-
zymes such as glutathione peroxidase (GPX), catalase, and heme oxygenase-1 (HO-1) [13].
In AD, persistent oxidative stress and Aβ-mediated repression of NRF2 signaling weaken
endogenous antioxidant defenses, leaving neurons susceptible to dysfunction and apopto-
sis under chronic oxidative injury [14]. Damaged mitochondria release damage-associated
molecular patterns (DAMPs), including mitochondrial DNA fragments and cardiolipin,
which engage innate immune pathways such as toll-like receptors (TLRs), the cyclic
GMP–AMP synthase (cGAS)–stimulator of interferon genes axis, and the NLR family
pyrin domain-containing 3 (NLRP3) inflammasome [15]. The resulting chronic microglial
activation, characterized by sustained nuclear factor kappa B (NF-κB) signaling and in-
creased secretion of interleukin 1β (IL-1β), interleukin 6 (IL-6), and tumor necrosis factor
α (TNF-α), exacerbates synaptic loss and neuronal death [16–18].

Currently approved pharmacotherapies for AD primarily provide symptomatic relief
through modulation of neurotransmitter systems, including acetylcholinesterase inhibitors
(donepezil, galantamine, rivastigmine) and the N-methyl-D-aspartate receptor antagonist
memantine [19]. Recent advances in disease-modifying therapies have focused on targeting
core pathological hallmarks using anti-amyloid monoclonal antibodies such as lecanemab
and donanemab, which promote microglial-mediated clearance of Aβ plaques and demon-
strate approximately 30% reduction in cognitive and functional decline in early-stage AD
patients [20], alongside therapeutic strategies targeting tau pathology, including aggre-
gation inhibitors and immunotherapies [21]. However, the multifactorial nature of AD
pathogenesis suggests that interventions directed solely at protein aggregation are insuffi-
cient [22]. Emerging evidence highlights neuroinflammation and oxidative stress as key
pathogenic drivers, with genome-wide association studies identifying immune-related sus-
ceptibility loci (APOE, TREM2, CD33) that modulate microglial function and inflammatory
responses [23–25]. Therapeutic strategies targeting inflammatory and oxidative pathways,
therefore, represent promising complementary approaches to address AD pathophysiology.

Molecular hydrogen (H2), a small gaseous molecule with unique physicochemical
properties and a favorable safety profile, has attracted attention as a potential multi-target
therapeutic agent for neurodegenerative disorders [26–29]. Unlike conventional antioxi-
dants that indiscriminately scavenge ROS, H2 exhibits selective reactivity toward highly
cytotoxic species, including hydroxyl radicals (·OH) and peroxynitrite (ONOO−), while
preserving superoxide and hydrogen peroxide involved in physiological signaling [30,31].
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Owing to its small size and amphipathic nature, H2 rapidly diffuses across biological mem-
branes, including the blood–brain barrier, enabling efficient intracellular distribution and
mitochondrial access [32]. Through these properties, H2 has been shown to modulate mito-
chondrial function and redox homeostasis. To date, more than 2000 scientific publications,
including in vitro, animal, and human studies, have explored the therapeutic potential
of H2 [33]. Numerous preclinical studies have demonstrated that H2 administration sup-
presses pathological ROS overproduction, stabilizes mitochondrial membrane potential,
promotes mitophagy, and activates the NRF2/antioxidant response element (ARE) path-
way, leading to enhanced expression of downstream antioxidant enzymes [30,32,34–36]. In
addition to its antioxidant effects, H2 also exerts immunomodulatory activity. Specifically,
attenuation of mitochondrial ROS by H2 can inhibit redox-sensitive inflammatory signal-
ing pathways, including NF-κB activation and NLRP3 inflammasome assembly, thereby
reducing the production of pro-inflammatory mediators [37–39]. Consistent with these
mechanisms, studies in AD-related experimental models have shown that H2 administra-
tion ameliorates cognitive deficits, reduces lipid peroxidation in the brain, and decreases
inflammatory cytokine expression, suggesting that H2 can simultaneously mitigate oxida-
tive stress and neuroinflammation [40]. Clinical observations further support its systemic
protective effects. For instance, H2 inhalation has been reported to attenuate radiation-
related bone marrow injury, preserve peripheral white blood cells (WBCs), and alleviate
radiotherapy-induced myelosuppression [41]. Similarly, our previous work demonstrated
that H2 reduces airway inflammatory cell infiltration, highlighting its role in regulating
peripheral immune responses and maintaining immune homeostasis [42].

From a pharmacokinetic perspective, H2 behaves as an inert and highly diffusible
gas that is not enzymatically metabolized. Instead, it rapidly dissolves in body fluids, dis-
tributes through the circulation, and is ultimately eliminated via exhalation. Owing to its
small molecular size and nonpolar nature, H2 can readily diffuse into mitochondria, where
it attenuates excessive mitochondrial ROS generation and thereby contributes to the preser-
vation of mitochondrial membrane potential and mitochondrial respiratory function. By
stabilizing the electron transport chain and limiting ROS-induced mitochondrial damage,
H2 helps maintain mitochondrial bioenergetic homeostasis [32,43]. Because mitochondrial
ROS act as upstream regulators of redox-sensitive inflammatory pathways, modulation
of mitochondrial redox balance by H2 is expected to influence downstream cytokine pro-
duction [32,43,44]. Based on this mechanistic framework, TNF-α, IL-1β, and IL-6 were
selected as representative pro-inflammatory cytokines associated with ROS-dependent
inflammatory signaling, whereas IL-10 was included as a key anti-inflammatory mediator
reflecting the counter-regulatory immune response. Consistent with this rationale, pre-
vious in vivo studies have reported reduced levels of TNF-α, IL-1β, and IL-6 following
H2 administration, and in some cases increased IL-10, indicating that H2 modulates inflam-
matory cytokine profiles rather than acting as a non-specific suppressor [43–45]. Therefore,
this cytokine panel was selected to reflect mitochondria-related inflammatory pathways
that are responsive to H2. To investigate these mechanisms in vivo, we employed the
5xFAD transgenic mouse model to evaluate the effects of H2 inhalation on OS parameters,
mitochondrial energy metabolism, Aβ burden, and inflammatory profiles. Through this
approach, the present study aims to elucidate the molecular mechanisms underlying the
coordinated antioxidant and anti-inflammatory actions of H2 in amyloid-associated neu-
rodegeneration and to assess its feasibility as a multi-target intervention for AD, thereby
providing experimental support for potential clinical translation.
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2. Materials and Methods
2.1. Experimental Animals and H2 Gas Inhalation Protocol

All animals were maintained in accordance with the Institutional Animal Care and
Use Committee guidelines of Wonju College of Medicine, Yonsei University, which ap-
proved all experimental procedures (ethical approval No: YWC-250728-1, Approval date:
4 August 2025). Male and female mice aged 2–2.5 months were used, including transgenic
5xFAD mice harboring human amyloid precursor protein (APP) and presenilin 1 (PSEN1)
mutations and C57BL/6 wild-type (WT) mice (The Jackson Laboratory, Bar Harbor, ME,
USA; RRID: MMRRC_034848-JAX; Stock No. 008730). Hemizygous 5xFAD mice were
generated by mating transgenic 5xFAD mice with F1 C57BL/6 mice, and genotypes were
confirmed by PCR using APP/PS1 primers (forward: 5′-ACC CCC ATG TCA GAG TTC
CT-3′; reverse: 5′-CGG GCC TCT TCG CTA TTA C-3′).

Mice were housed in standard cages under a 12:12 h light/dark cycle with free ac-
cess to food and water. Animals were randomly allocated to four experimental groups
(n = 10 per group) with balanced sex distribution (four males and six females): WT-Veh,
WT-H2, 5xFAD-Veh, and 5xFAD-H2. H2-treated groups received 2% H2 by inhalation in
a gas mixture containing 20.6% O2 and 77.4% N2 (totaling 98% as air), delivered using
an H2-generating device named Hueprogen (GOOTZ Co., Ltd., Yangju-si, Republic of
Korea) in a closed exposure chamber for 1 h/day over 4 consecutive weeks. Corresponding
control groups underwent identical handling and environmental conditions and received
normal air ventilation without H2 supplementation. A 2% H2 concentration and the 4-week
inhalation protocol were selected based on previous in vivo studies demonstrating their
safety and efficacy in producing antioxidant and neuroprotective effects [30,46,47]. The
experimental workflow for H2 gas intervention is illustrated in Figure 1.

Figure 1. Schematic overview of the experimental design.

2.2. Tissue Collection and Sample Preparation

Following completion of the treatment period, mice were deeply anesthetized and
euthanized in a CO2 chamber, and blood was collected from the orbital sinus. Serum
was isolated by centrifugation and stored at −80 ◦C until analysis. Brains were rapidly
removed, and hippocampi were dissected on ice, frozen in liquid nitrogen, and stored at low
temperature for subsequent assays. Total protein concentrations in hippocampal lysates
were determined using a bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions. Protein concentrations
were calculated from a bovine serum albumin standard curve and normalized to 2 mg/mL
for subsequent analyses.

2.3. Analysis of Peripheral WBC Counts

Blood was collected from the retro-orbital venous plexus into ethylenediaminete-
traacetic acid (EDTA)-coated BD Vacutainer tubes and mixed on an automatic roller mixer
for 5 min. Total WBC counts and differential neutrophil, lymphocyte, monocyte, and
eosinophil counts were obtained using a Hemavet HV950 FS automated hematology ana-
lyzer (Drew Scientific Inc., Dallas, TX, USA).
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2.4. Assessment of OS Markers and Antioxidant Enzyme Activities

ROS levels in hippocampal tissue lysates were measured using 2′,7′ dichlorodihy-
drofluorescein diacetate (DCF DA; Millipore, Beijing, China), with fluorescence read at
488/525 nm using a DTX 880 microplate reader (Beckman Coulter, Brea, CA, USA). Serum
nitric oxide (NO) concentrations were quantified using the Griess reagent system (Promega,
Madison, WI, USA) by measuring absorbance at 540 nm. Catalase activity in serum was de-
termined using the Catalase Activity Assay Kit (Invitrogen, Carlsbad, CA, USA), and GPX
activity was measured using the Glutathione Peroxidase Assay Kit (Abcam, Cambridge,
UK), following the manufacturer’s instructions for data analysis.

2.5. Analysis of Cytokine Profiles

Serum samples were analyzed for TNF-α, IL-1β, IL-6, granulocyte–macrophage
colony-stimulating factor (GM-CSF), IL-10, and IL-13 using a commercial multiplex bead-
based cytokine assay (Merck KGaA, Darmstadt, Germany). Fluorescence signals were
acquired on a Luminex platform (Bio-Plex Multiplex Bead Array System™, Bio-Rad, Her-
cules, CA, USA), and cytokine concentrations were calculated from standard curves using
the accompanying analysis software.

2.6. Western Blot Analysis of Hippocampal Proteins

Western blot analysis of hippocampal proteins was performed using RIPA lysis buffer
(IBS BR002a, iNtRON Biotechnology, Seongnam, Republic of Korea) containing protease
and phosphatase inhibitors, and total protein concentrations were determined with a BCA
Protein Assay Kit. Hippocampal tissue from each of the 10 mice per experimental group
was homogenized, and total protein was extracted separately. Before gel loading, equal
amounts of protein from the 10 individual lysates were pooled in proportion to concentra-
tion to generate one mixed sample per group for Western blot analysis. Equal amounts of
protein (10 µg per lane) were separated by SDS–PAGE and transferred to PVDF membranes.
Membranes were blocked in blocking buffer (TransLab, Beijing, China) for 1 h at room tem-
perature and incubated overnight at 4 ◦C with primary antibodies against NRF2 (1:10,000,
Immunoway, Plano, TX, USA), HO-1, NF-κB p65 (RelA), inhibitor of nuclear factor kappa
B alpha (IκBα), BCL-2 associated X protein (BAX), B cell lymphoma 2 (BCL-2), RNA bind-
ing fox-1 homolog 3 (RBFOX3; neuronal nuclei [NEUN]), and β-actin (all 1:1000, Cell
Signaling Technology, Danvers, MA, USA, respective catalog numbers as listed in the
Reagents section). After three washes with TBST, membranes were incubated for 1 h at
room temperature with horseradish peroxidase (HRP)-conjugated anti rabbit secondary
antibody (1:3000, Cell Signaling Technology). Immunoreactive bands were visualized using
enhanced chemiluminescence detection reagent (Thermo Fisher Scientific, Waltham, MA,
USA), and band intensities were quantified using ImageJ software (version 1.x, National
Institutes of Health, Bethesda, MD, USA). For each target protein, Western blotting was
repeated three times using aliquots of the same pooled lysates, and mean values from these
technical replicates were used for graphical presentation and statistical analysis.

2.7. Quantification of Aβ40 and Aβ42 by Enzyme-Linked Immunosorbent Assay (ELISA)

Hippocampal Aβ40 and Aβ42 levels were quantified using ELISA kits (FineTest,
Wuhan, China). Hippocampal tissue was homogenized in ice-cold phosphate-buffered
saline (PBS) containing phenylmethylsulfonyl fluoride (PMSF), and supernatants were
collected by centrifugation. Protein concentrations were measured by BCA assay and
normalized to 2 mg/mL. Standards and samples were applied to pre-coated 96-well plates,
processed according to the manufacturer’s protocol, and absorbance at 450 nm was mea-
sured to calculate Aβ40 and Aβ42 concentrations from standard curves.
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2.8. Determination of Hippocampal ATP Levels

Hippocampal ATP levels were quantified using an ATP Assay Kit (Abcam, Cambridge,
UK) following the manufacturer’s instructions. Hippocampal tissue was homogenized
in ice-cold PBS containing PMSF, and supernatants were normalized for protein content
determined by BCA assay before ATP measurement. Samples were deproteinized using
a Deproteinizing Sample Preparation Kit (Abcam, Cambridge, UK) and processed in 96-well
plates. Absorbance at 450 nm was measured to calculate ATP concentrations from standard
curves and expressed as nmol ATP per mg protein.

2.9. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 10.1.2 (GraphPad Soft-
ware, La Jolla, CA, USA). Data were analyzed by one-way analysis of variance (ANOVA)
with Tukey’s post hoc multiple comparison test, and p < 0.05 was considered statistically
significant. Results are presented as mean ± standard deviation (SD).

3. Results
3.1. Effects of H2 in Peripheral WBC Counts

To determine whether the 5xFAD genotype and H2 inhalation altered systemic immune
status, we analyzed peripheral WBC counts and differentials were across groups (Figure 2).
Total WBC counts did not differ significantly among groups. However, 5xFAD-Veh mice
showed a modest upward trend in total WBC counts compared with WT-Veh, WT-H2, and
5xFAD-H2 mice, primarily attributable to slightly elevated lymphocyte counts, whereas
neutrophil, monocyte, and eosinophil counts remained similar across groups.

 

Figure 2. Peripheral WBC profiles in WT-Veh, WT-H2, 5xFAD-Veh, and 5xFAD-H2 mice (n = 10 per group).
(A) Total WBC, (B) Neutrophil, (C) Lymphocyte, (D) Monocyte, and (E) Eosinophil counts in periph-
eral blood. Data are expressed as mean ± SD.
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3.2. Effects of H2 in OS Markers and Antioxidant Enzyme Activities

To evaluate redox alterations in 5xFAD mice and their modulation by H2, hippocampal
ROS levels and serum oxidative stress-related parameters were measured. Hippocampal
ROS levels were significantly elevated in 5xFAD-Veh mice relative to WT-Veh (p < 0.01),
and this increase was significantly attenuated by H2 inhalation in 5xFAD-H2 mice (p < 0.05;
Figure 3A). Serum NO concentrations showed a mild upward trend in 5xFAD-Veh mice
but did not differ significantly among groups (Figure 3B). In contrast, serum catalase
activity was significantly increased in 5xFAD H2 mice compared with WT-Veh (p < 0.01)
and 5xFAD-Veh (p < 0.05), indicating H2-induced enhancement of enzymatic antioxidant
capacity (Figure 3C). Serum GPX activity did not differ among groups (Figure 3D).

 

Figure 3. OS markers and antioxidant enzyme activities in WT-Veh, WT-H2, 5xFAD-Veh, and
5xFAD-H2 mice (n = 10 per group). (A) Hippocampal ROS levels. (B) Serum NO concentrations.
(C) Serum catalase activity. (D) Serum GPX activity. Data are expressed as mean ± SD, * p < 0.05,
** p < 0.01.

3.3. Effects of H2 in Serum Cytokine Profiles

To assess systemic inflammatory changes and the effects of H2 treatment, serum
concentrations of TNF-α, IL-1β, IL-6, GM-CSF, IL-10, and IL-13 were analyzed (Figure 4).
Pro-inflammatory TNF-α and IL-1β levels were significantly elevated in 5xFAD-Veh mice
compared with WT-Veh (both p < 0.01). H2 inhalation in 5xFAD-H2 mice normalized
these cytokines to WT-Veh levels and significantly reduced them relative to 5xFAD-Veh
mice (TNF-α, p < 0.01; IL-1β, p < 0.05; Figure 4A,B). IL-6 and GM-CSF levels did not
differ significantly among groups, although both showed modest increases in 5xFAD-Veh
mice (Figure 4C,D). In contrast, the anti-inflammatory cytokine IL-10 was significantly
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reduced in 5xFAD-Veh mice relative to WT-Veh (p < 0.05) and was restored by H2 inhalation
in 5xFAD-H2 mice (p < 0.05; Figure 4E). IL-13 levels were also decreased in 5xFAD-Veh
mice (p < 0.05 versus WT-Veh), and H2 treatment partially attenuated this reduction in
5xFAD-H2 mice without reaching statistical significance (Figure 4F). Collectively, these data
indicate that H2 inhalation shifts the peripheral cytokine profile in 5xFAD mice toward
a less pro-inflammatory, IL-10 dominant state.

 

Figure 4. Serum cytokine profiles in WT-Veh, WT-H2, 5xFAD-Veh, and 5xFAD-H2 mice (n = 10 per group).
(A) TNF-α. (B) IL-1β. (C) IL-6. (D) GM-CSF. (E) IL-10. (F) IL-13. Data are presented as mean ± SD,
* p < 0.05, ** p < 0.01.

3.4. Effects of H2 in Hippocampal Protein Expression by Western Blot

To evaluate the effects of H2 on hippocampal oxidative stress, inflammatory signal-
ing, and neuronal integrity in 5xFAD mice, protein expression of NRF2, HO-1, NF-κB,
IκBα, BAX, BCL-2, and NEUN was analyzed by Western blotting (Figure 5). Relative
to WT-Veh mice, 5xFAD-Veh mice showed significantly reduced hippocampal HO-1 ex-
pression (p < 0.05). H2 inhalation significantly increased NRF2 levels in 5xFAD-H2 mice
compared with the 5xFAD-Veh mice (p < 0.05), while HO-1 expression showed a par-
allel upward trend, consistent with activation of the NRF2/HO-1 antioxidant pathway
(Figure 5A–C). Regarding inflammatory signaling, NF-κB expression was significantly ele-
vated in 5xFAD-Veh mice compared with WT-Veh (p < 0.05) and 5xFAD-H2 mice (p < 0.01)
accompanied by a concomitant reduction in IκBα (p < 0.05). H2 inhalation attenuated NF-κB
upregulation and partially restored IκBα levels in 5xFAD-H2 mice (Figure 5A,D,E), indi-
cating suppression of hippocampal NF-κB signaling. Markers of apoptosis and neuronal
integrity further supported H2-mediated neuroprotection. Compared with WT-H2 mice,
5xFAD-Veh mice exhibited increased BAX expression (p < 0.05) and reduced BCL-2 ex-
pression, whereas H2 treatment in 5xFAD-H2 mice decreased BAX, increased BCL-2, and
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significantly reduced the BAX/BCL-2 ratio (p < 0.05; Figure 5A,G–I). NEUN expression
showed a declining trend in 5xFAD-Veh mice, while H2 inhalation significantly increased
NEUN levels in 5xFAD-H2 mice (p < 0.01), consistent with preservation of hippocampal
neuronal integrity (Figure 5F).

 

Figure 5. Hippocampal protein expression profiles in WT-Veh, WT-H2, 5xFAD-Veh, and 5xFAD-H2 mice
(n = 10 per group). (A) Representative Western blots for NRF2, HO-1, NF-κB, IκBα, BAX, BCL-2,
NEUN, and β-actin. (B) Quantification of NRF2. (C) Quantification of HO-1. (D) Quantification
of NF-κB. (E) Quantification of IκBα. (F) Quantification of NEUN. (G) Quantification of BAX.
(H) Quantification of BCL-2. (I) BAX/BCL-2 ratio. Data are presented as mean ± SD, * p < 0.05,
** p < 0.01.
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3.5. Effects of H2 in Hippocampal Aβ40 and Aβ42 Levels

Hippocampal Aβ40 and Aβ42 concentrations were quantified as indices of regional
amyloid burden. Consistent with the aggressive amyloidogenic phenotype of the 5xFAD
model, 5xFAD-Veh mice exhibited significantly higher Aβ40 levels than WT-Veh mice
(p < 0.05). H2 inhalation in 5xFAD-H2 mice reduced Aβ40 levels relative to 5xFAD-Veh
mice, although this decrease did not reach statistical significance (Figure 6A). Aβ42 levels
showed a similar but more pronounced pattern, with marked elevation in 5xFAD-Veh mice
compared with WT-Veh (p < 0.01). In contrast, H2 treatment in 5xFAD-H2 mice normalized
Aβ42 levels and significantly reduced them relative to 5xFAD-Veh mice (p < 0.05), indicat-
ing that H2 inhalation limits hippocampal accumulation of the more aggregation-prone
Aβ42 species (Figure 6B).

 

Figure 6. Hippocampal Aβ levels in WT-Veh, WT-H2, 5xFAD-Veh, and 5xFAD-H2 mice (n = 10 per group).
(A) Hippocampal Aβ40 concentrations. (B) Hippocampal Aβ42 concentrations. Data are presented
as mean ± SD, * p < 0.05, ** p < 0.01.

3.6. Effects of H2 in Hippocampal ATP Levels

Hippocampal ATP levels were quantified as an index of mitochondrial bioenergetic ca-
pacity. ATP levels differed significantly among groups, indicating genotype- and treatment-
dependent effects on mitochondrial energy metabolism (Figure 7). Compared with WT-Veh
mice, WT-H2 mice showed significantly increased hippocampal ATP levels (p < 0.05), sug-
gesting enhanced mitochondrial bioenergetic capacity under physiological conditions. In
contrast, 5xFADV-Veh mice exhibited reduced ATP levels relative to WT-H2 mice, consistent
with impaired mitochondrial function in amyloid-bearing animals. Notably, H2 administra-
tion in 5xFAD-H2 mice significantly increased ATP levels compared with 5xFAD-Veh mice
(p < 0.05) and partially restored ATP toward levels observed in WT-H2 mice, indicating
mitigation of amyloid-associated mitochondrial dysfunction and partial normalization of
cellular energy status.
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Figure 7. Hippocampal ATP levels in WT-Veh, WT-H2, 5xFAD-Veh, and 5xFAD-H2 mice (n = 10 per group).
Data are presented as mean ± SD, * p < 0.05, *** p < 0.001.

4. Discussion
In the present study, our findings demonstrate that H2 inhalation confers broad neuro-

protective effects in 5xFAD mice through modulation of redox homeostasis, inflammatory
signaling, mitochondrial bioenergetics, and amyloid pathology. H2 treatment significantly
reduced hippocampal oxidative stress and Aβ42 accumulation while preserving mitochon-
drial ATP production and neuronal integrity. The reduction in hippocampal Aβ42 burden,
together with improved bioenergetic capacity and neuronal preservation, indicates that
H2 alleviates upstream contributors to amyloidogenesis and mitochondrial dysfunction,
yielding structural and functional neuroprotection. Moreover, the concurrent improve-
ment in redox balance and inflammatory profiles suggests that H2 may disrupt pathogenic
neuroimmune-metabolic interactions that promote amyloid accumulation and synaptic
dysfunction. Collectively, these findings support H2 as a multi-target therapeutic approach
for attenuating amyloid-driven neurodegeneration.

In the 5xFAD transgenic mice used in this study, early and robust amyloid deposi-
tion is accompanied by mitochondrial dysfunction and OS, which together contribute to
synaptic impairment and neuronal loss [48,49]. OS is a key driver of neurodegeneration in
AD. The Nrf2/HO-1 pathway acts as a central regulator of cellular redox homeostasis, and
dysfunction of this axis has been implicated in AD pathogenesis. Previous studies have
shown that H2 selectively neutralizes highly reactive oxidants such as hydroxyl radicals
and ONOO−, thereby protecting cells from oxidative damage [30,47,50]. Excessive ROS
and reactive nitrogen species can promote membrane damage, structural alterations, and
ultimately cell death [49]. One of the previous studies have shown hippocampal ROS levels
were significantly elevated in 5xFAD-Veh mice [51], indicating pronounced redox imbal-
ance in this model. Our results showed H2 inhalation attenuated OS and was associated
with increased catalase activity, while GPX activity remained unchanged. Although GPX
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induction after H2 treatment has been reported in other models [42,51], the lack of addi-
tional GPX activation here may indicate that catalase provides a rapid first-line antioxidant
response once ROS levels decline [52,53]. In parallel, our results showed H2 inhalation
increased NRF2 expression and was accompanied by a trend toward higher HO-1 expres-
sion. Because HO-1 and catalase are NRF2/ARE-regulated enzymes involved in heme
metabolism and peroxide detoxification [54,55], the coordinated increase in NRF2 signaling,
HO-1 expression, and catalase activity supports activation of an NRF2-mediated antiox-
idant response. In addition, serum NO levels in our study showed a modest upward
trend in 5xFAD-Veh mice, whereas H2 inhalation was associated with a slight reduction,
suggesting that nitrosative stress in this model is likely driven primarily by localized
NO activity and protein nitration rather than systemic NO elevation. Collectively, these
findings indicate that H2 exerts protective effects in 5xFAD mice by mitigating oxidative
stress through activation of the NRF2/ARE antioxidant pathway, while also modulating
inflammatory signaling.

OS and inflammation are closely interconnected process in AD pathogenesis, and
redox imbalance can further amplify inflammatory signaling pathways. Parallel to these
redox-directed effects, the present findings demonstrate a robust impact of H2 on inflamma-
tory signaling. The 5xFAD model is characterized by chronic neuroinflammation driven by
mitochondrial damage, microglial activation, and engagement of innate immune pathways,
which together constitute a core component of AD pathology [6]. In this study, 5xFAD-Veh
mice exhibited a peripheral cytokine profile dominated by elevated pro-inflammatory
mediators TNF-α and IL-1β, accompanied by reduced levels of the anti-inflammatory
cytokines IL-10 and IL-13, indicating a shift toward a strongly pro-inflammatory systemic
state [56]. H2 inhalation largely reversed this imbalance by reducing TNF-α and IL-1β
to levels comparable with WT-Veh mice, restoring IL-10, and partially normalizing IL-13,
consistent with re-establishment of peripheral immune homeostasis and reinforcement of
anti-inflammatory signaling. However, because inflammatory markers were quantified
only in serum and not in hippocampal tissue, these results primarily reflect systemic im-
mune modulation. Future studies incorporating hippocampal cytokine profiling would
better determine whether peripheral changes correspond to local neuroinflammatory reg-
ulation within the brain. In parallel with these systemic effects, our results indicated
increased hippocampal NF-κB expression and decreased IκBα levels in 5xFAD-Veh mice,
whereas H2 treatment attenuated NF-κB activation and partially restored IκBα expression.
These findings are consistent with previous reports that H2 suppresses NF-κB-dependent
inflammatory signaling and modulates microglial activation [57,58]. Together, these ob-
servations suggest that H2 exerts coordinated peripheral and central anti-inflammatory
effects in 5xFAD mice, likely through attenuation of mitochondrial ROS-driven immune
activation and promotion of a more regulatory immune environment [59].

Importantly, these redox and inflammatory changes were accompanied by improve-
ments in amyloid burden and neuronal integrity. The 5xFAD model is characterized by
early and robust Aβ deposition [48], which was reflected in our study by markedly elevated
hippocampal Aβ40 and Aβ42 levels in 5xFAD-Veh mice. In this context, H2 inhalation
significantly reduced hippocampal Aβ42 levels and showed a modest reduction in Aβ40,
without substantially altering the Aβ42/Aβ40 ratio. This selective reduction in Aβ42 is
notable because Aβ42 exhibits a higher aggregation tendency and greater neurotoxicity
than Aβ40, and is considered a principal driver of plaque formation and synaptic dys-
function in AD [48]. Accumulating evidence indicates that OS and neuroinflammation
facilitate Aβ production and aggregation by influencing APP processing, γ-secretase activ-
ity, and clearance pathways [60,61]. By attenuating ROS accumulation and NF-κB signaling,
H2 may indirectly limit amyloidogenic processing and enhance Aβ clearance, thereby
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reducing hippocampal Aβ42, which is more aggregation-prone and neurotoxic than Aβ40.
In addition, normalization of TNF-α and IL-1β together with restoration of IL-10 may
improve microglial phagocytic capacity and promote Aβ clearance, consistent with reports
linking inflammatory phenotypes to changes in Aβ plaque burden and morphology [62].

Beyond effects of H2 on amyloid pathology and inflammatory signaling, mitochondrial
dysfunction represents another key pathological feature of AD that contributes to neuronal
injury and synaptic failure. H2 inhalation significantly increased hippocampal ATP levels
in both wild-type and 5xFAD mice, addressing mitochondrial bioenergetic failure—an
early, persistent AD feature that contributes to synaptic dysfunction and reduced neuronal
resilience [63]. The observed enhancement of ATP production indicates that H2 not only
limits oxidative injury but also improves mitochondrial function under both physiological
and amyloid-associated conditions. Previous mechanistic studies have demonstrated that
H2 stabilizes mitochondrial membrane potential, modulates electron transport chain activ-
ity, and suppresses excessive superoxide generation at complex I [32,36]. Extending these
observations to an amyloid-driven context, the present findings suggest that H2 supports
restoration of hippocampal energy metabolism and thereby promotes neuronal viability.
Consistent with this interpretation, our results indicate H2 treatment significantly reduced
the BAX/BCL-2 ratio and restored NEUN expression in 5xFAD mice, representing attenua-
tion of pro-apoptotic signaling and preservation of neuronal populations [64,65]. Taken
together with the NRF2/ARE activation and restoration of ATP levels, these findings sug-
gest that H2 may function as a regulator of mitochondria-dependent apoptotic vulnerability
in amyloid-driven AD pathology.

Although the present study provides mechanistic insight into H2-mediated neuropro-
tection, some methodological and experimental limitations should be considered when
interpreting the findings. First, the analyses focused on biochemical and molecular out-
comes without direct assessment of learning and cognitive function, which is essential for
establishing functional relevance in AD models. Incorporation of behavioral paradigms,
including the Morris water maze, Y-maze, and novel object recognition would strengthen
translational interpretation of H2 efficacy. Second, due to the limited amount of hippocam-
pal protein available, Western blot analyses were performed using combined lysates within
each group samples. While this approach helped us to reduce lane-to-lane variability and
limit animal use, it does not reflect true inter-individual variability or allow analysis of
associations with behavioral or pathological outcomes. Therefore, this limitation should
be addressed in future studies by analyzing protein expression in individual samples.
Third, the study examined a single H2 concentration and treatment duration (2% H2 for 1 h
daily over 4 weeks). Future studies incorporating dose–response and time-course analyses
will be necessary to determine optimal therapeutic parameters. Further investigation is
also needed to explain the molecular pathways responsive to H2 and to better define its
pharmacological potential in AD-related neuroprotection.

5. Conclusions
In summary, this study demonstrates that H2 inhalation in 5xFAD mice attenuates

oxidative stress, suppresses systemic and hippocampal inflammatory responses, enhances
mitochondrial ATP production, reduces hippocampal Aβ42 burden, and preserves neuronal
integrity. These effects are accompanied by activation of the NRF2/ARE antioxidant path-
way and attenuation of NF-κB-mediated inflammatory signaling, indicating a coordinated
shift toward a more permissive, neuroprotective environment. Given its favorable safety
profile and capacity to target multiple converging pathways implicated in AD pathogenesis,
H2 represents a promising adjunctive strategy for disease modification and prevention.
Building on these findings, future studies incorporating behavioral outcomes, longitudinal
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imaging, and pathway-directed interventions will be critical to validate these protective
effects and to define how H2 may be integrated into broader therapeutic frameworks
for AD.
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AD Alzheimer’s disease
ANOVA Analysis of variance
APP Amyloid precursor protein
ARE Antioxidant response element
Aβ Amyloid-beta
BAX BCL-2-associated X protein
BCA Bicinchoninic acid
BCL-2 B-cell lymphoma 2
cGAS Cyclic GMP–AMP synthase
DAMPs Damage-associated molecular patterns
DCF-DA 2′,7′-Dichlorodihydrofluorescein diacetate
EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay
GM-CSF Granulocyte-macrophage colony-stimulating factor
GPX Glutathione peroxidase
H2 Molecular hydrogen
HO-1 Heme oxygenase-1
HRP Horseradish peroxidase
IκBα Inhibitor of nuclear factor kappa-B alpha
IL-1β Interleukin-1β
IL-6 Interleukin-6
IL-10 Interleukin-10
IL-13 Interleukin-13
NEUN Neuronal nuclei
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NF-κB Nuclear factor kappa B
NLRP3 NLR family pyrin domain containing 3
NO Nitric oxide
NRF2 Nuclear factor erythroid 2-related factor 2
OS Oxidative stress
PBS Phosphate-buffered saline
PMSF Phenylmethylsulfonyl fluoride
PSEN1 Presenilin 1
PVDF Polyvinylidene fluoride
RIPA Radioimmunoprecipitation assay
ROS Reactive oxygen species
SD Standard deviation
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
TLRs Toll-like receptors
TNF-α Tumor necrosis factor-α
WBCs White blood cells
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