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ABSTRACT

Objective: Burns refers to a severe form of trauma that often leads to localized and systemic inflammatory
responses, oxidative stress, and immune dysfunction. Patients with severe burns are highly susceptible to the
development of postburn sepsis, a condition influenced by multiple factors, such as bacterial infection of the
burn wound, alterations in immune status, and excessive release of inflammatory mediators. This study aimed to
investigate the mechanisms by which hydrogen gas treatment exerts its effects on postburn sepsis, with a focus on
its influence on inflammatory responses, oxidative stress, and wound healing.

Material and Methods: This work employed in vitro assays with Sprague-Dawley (SD) rat skin fibroblasts (RSFs)
to assess the effects of burn serum and hydrogen gas on cell proliferation through methylthiazolyldiphenyl-
tetrazolium bromide assays and on apoptosis through flow cytometry with Annexin V-fluorescein isothiocyanate/
propidium iodide staining. In addition, an enzyme-linked immunosorbent assay was performed to quantify
inflammatory cytokines and oxidative stress markers in fibroblasts treated with burn serum. Western blotting
(WB) analysis was conducted to investigate signaling pathway modulation. The severe burn sepsis models of SD
rats were segregated into three experimental groups: a healthy normal control group, a burn sepsis control group,
and a burn sepsis + hydrogen gas (2%) treatment group. Wound healing was monitored, with wound contraction
rates recorded and histological assessments conducted using hematoxylin and eosin and Masson’s trichrome
staining to evaluate tissue repair and collagen deposition.

Results: In vitro assays showed that burn serum reduced fibroblast proliferation and increased apoptosis
(P < 0.01), which hydrogen gas mitigated by rescuing cell viability and reducing apoptosis (P < 0.01). Enzyme-
linked immunosorbent assay revealed burn serum-induced increases in the levels of inflammatory cytokines
and oxidative stress markers, with decreases in antioxidant enzymes (P < 0.01), which hydrogen gas reversed
(P < 0.05). WB analysis suggested hydrogen gass anti-inflammatory and proliferative effects by modulating
signaling pathways (P < 0.01). In vivo, hydrogen gas treatment considerably improved wound healing, with
accelerated contraction and enhanced collagen deposition. Plasma and skin tissue analyses indicated systemic
and local anti-inflammatory and antioxidant effects from hydrogen gas.

Conclusion: Hydrogen gas treatment demonstrates potential therapeutic efficacy in the management of postburn
sepsis by modulating inflammatory responses, reducing oxidative stress, and promoting wound healing. These
findings provide scientific evidence supporting hydrogen gas as an adjunctive treatment strategy for postburn
sepsis.
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INTRODUCTION

Burns represents a severe form of trauma that often triggers
complex pathophysiological changes, including local and
systemic inflammatory responses, oxidative stress, and
immune dysfunction.? Patients with severe burns are
highly susceptible to the development of postburn sepsis, a
condition influenced by multiple factors, such as bacterial
infection of the burn wound, alterations in immune status,
and excessive release of inflammatory mediators.®*
These factors cumulatively promote the onset of systemic
inflammatory response syndrome and multiple organ
dysfunction syndrome, which may further advance to septic
shock and ultimately result in fatality.”! The pathogenesis of
burn sepsis is complex and involves the abnormal activation
and regulation of multiple signaling pathways. The nuclear
factor-kappa B (NF-kB), mitogen-activated protein kinase
(MAPK), Janus kinase-signal transducer and activator
of transcription, phosphatidylinositol 3-kinase/protein
kinase B, glycogen synthase kinase-3, and cholinergic anti-
inflammatory pathways are all implicated in the development
of sepsis.*!% Despite the progress in the treatment of sepsis
in modern medicine, the mortality rate of this condition
following burns remains high.'"! Therefore, the identification
of effective therapeutic strategies to improve the prognosis of
postburn sepsis is a critical focus of current clinical research.

Hydrogen gas (H,) has gained considerable attention as a
novel medicinal gas due to its unique biological properties.
Hydrogen possesses strong antioxidant capabilities and
can selectively neutralize harmful free radicals, such as
hydroxyl radicals and peroxynitrite, which reduce oxidative
damage.  Moreover, hydrogen’s anti-inflammatory
properties have been widely recognized because they can
modulate various inflammation-related signaling pathways
and alleviate inflammatory responses.!'” In the context of
burns, the complexity of wound healing - which involves
the infiltration of inflammatory cells, cell proliferation,
collagen deposition, and tissue remodeling — cannot be
overlooked.'**] The beneficial effects of hydrogen on
wound healing likely stem from its anti-inflammatory and
antioxidant properties, although the precise mechanisms
remain to be fully elucidated.'®'”’ Hydrogen promotes
wound healing by regulating cell signaling, enhancing
cell proliferation and differentiation, and inhibiting
apoptosis.'® It has been reported that hydrogen exerts anti-
inflammatory effects through the Nrf2/HO-1 signaling
pathway, reducing the mortality rate of septic rats.'”?"! In
addition, hydrogen therapy decreased the levels of high
mobility group box 1 (HMGB1) protein in model animals,
which further confirmed its anti-inflammatory effects.?"
Moreover, hydrogen has shown certain therapeutic effects
on the adjunctive treatment of clinical diseases, such as
diabetes, metabolic syndrome, gout, cardiovascular and
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cerebrovascular diseases, and tumors, which demonstrate
its potential medical application value as a new type of
biomedical molecular gas.??

In this research, our objective was to explore the
therapeutic benefits of hydrogen in the treatment of a rat
model of severe burn sepsis and its influence on wound
recovery. Through a series of experiments, including
cell culture, molecular biology assays, and histological
evaluations, we assessed hydrogen’s regulatory effects
on inflammation, oxidative stress, and wound healing.
This study will deepen our understanding and provide
evidence supporting the use of hydrogen in postburn
sepsis treatment, presenting a promising new therapeutic
approach for burn patients.

MATERIAL AND METHODS
Sprague-Dawley (SD) rat burn model induction

Twenty-seven male Sprague-Dawley rats aged 6-8 weeks
with body weights of 180-200 g, along with three male
neonatal SD rats aged 3 weeks weighing approximately
50 g, were procured from Changzhou Kavin Biological.
The rats were housed in individually ventilated plastic
cages in a humidified environment (room temperature:
20-26°C relative humidity: 50-60%, air flow: 150 CFM) in
a pathogenic-free laboratory. Before the initiation of the
experiments, the study was approved by an authorized
institutional review board, the Institutional Animal Care
and Use Committee of Jinling Hospital, Affiliated Hospital
of Medical School, Nanjing University, China. (Approval
Number: DBZQZYY23BBJ0081). Although the research
subjects are rats and cannot provide explicit consent, all
experimental procedures were designed to adhere to the
principles of laboratory animal welfare and were carried
out under the premise of minimizing potential harm
and discomfort to the animals. Every effort was made
to ensure that the use of these animals in the study met
high - level ethical standards, in line with the requirements
of both national and international ethical norms for animal
research.

The rats were anesthetized via intraperitoneal injection
of sodium pentobarbital (40 mg/kg, 20 mg/mL, P3761,
Merck, Darmstadt, Germany).®! Following depilation with
sodium sulfide, a circular area (5 cm in diameter) of shaved
dorsal skin was immersed in 92°C water for 18 seconds to
induce full-thickness third-degree burns.?"! Post-injury
resuscitation was performed through intraperitoneal
administration of compound sodium chloride (40 mL/kg,
R20263, Yuanye Biotechnology, Shanghai, China). One hour
after resuscitation, lipopolysaccharide solution (10 mg/kg, 10
mg/mL, ST1470, Beyotime Biotechnology, Shanghai, China)
was administered intraperitoneally.
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Rat serum preparation

Twelve rats were evenly divided into two groups, with one
group undergoing induction of a burn rat model to collect
burn rat serum and the other group being normally raised
to collect normal rat serum. At 24 h postburn, the rats
were euthanized by administering sodium pentobarbital
(150 mg/kg, 20 mg/mL, P3761, Merck, Darmstadt, Germany)
through intraperitoneal injection. Their blood was collected
into sterile tubes. The blood samples were allowed to clot
at room temperature for 2 h, followed by centrifugation
(5406000092, Eppendorf, Hamburg, Germany) at 1000g for
15 min to isolate the serum. Serum was carefully aspirated
to avoid clot contamination. Samples from rats in the same
experimental group were pooled, aliquoted into cryovials,
and stored at —80°C for subsequent analysis. !

RSF extraction

Three 3-week-old male neonatal SD rats, weighing around 50 g,
were procured from Changzhou Kavin Biological. Before the
initiation of the experiments, neonatal rats were euthanized by
administering sodium pentobarbital (150 mg/kg, 20 mg/mL,
P3761, Merck, Darmstadt, Germany) through intraperitoneal
injection. The skin was disinfected in 75% ethanol for 3-5 min
to prevent microbial contamination. Then, it was carefully
excised and minced into 1 X 1 mm? pieces. A mixed enzyme
solution was used to digest the minced tissue at 37°C for
30-45 min to facilitate the release of fibroblasts. The digested
tissue was gently pipetted to dislodge the cells, which were
then centrifuged at 1500 rpm for 5 min. The resulting cell
pellet was resuspended in Dulbecco’s Modified Eagle Medium/
F12 complete medium (SH30023.02, Hyclone, Logan,
Utah, USA) and cultured in a humidified incubator (8000,
Thermo Scientific, Waltham, MA, USA) at 37°C with 5%
carbon dioxide. All cell cultures were free from mycoplasma
infection. Immunofluorescence staining was performed to
identify the cells with Alexa Fluor® 594-Vimentin antibody
(1:1000 dilution, ab154207, Abcam, Cambridge, England).
A Afluorescence inverted microscope (DMI3000B, Leica,
Germany) was used to obtain visual images.*”!

Immunofluorescence staining assay

Rat cells were cultivated to 60-70% and then fixed with
4% paraformaldehyde at room temperature for 20 min.
Subsequently, the cells were permeabilized with 0.1% Triton
X-100 (T8200, Solarbio, Beijing, China) at room temperature
for 5 min to facilitate the penetration of antibodies.
Afterward, the cells were blocked with 3% bovine serum
albumin (ST023, Beyotime Biotechnology, Shanghai, China)
at room temperature for 30 min to reduce non-specific
binding. Then, the cells were incubated with the Alexa Fluor®
594-Vimentin antibody (1:1000 dilution, ab154207, Abcam,

Cambridge, England) overnight at 4°C. On the following
day, the cell nuclei were stained with Hoechst 33342 (diluted
1:100, C1029, Beyotime Biotechnology, Shanghai, China) at
room temperature for 5 min. Subsequently, the cells were
observed and photographed using a fluorescence-inverted
microscope (DMI3000B, Leica, Germany).®

Methylthiazolyldiphenyl-tetrazolium (MTT) bromide
assay

RSF cells were seeded at 4 x 1074 cells/mL in a 96-well
plate and incubated for 24 h for attachment and growth.
Then, the RSF cells were treated with fetal bovine serum
(FBS) (SH30406.03, Hyclone, Logan, Utah, USA), FBS, and
hydrogen gas (generated using a hydrogen generator, AYAN-
HC500ML, AnYan Instrument, Hangzhou, China), burned rat
serum, burned rat serum and hydrogen gas, normal rat serum,
and normal rat serum and hydrogen gas separately. After
treatment of 48 h, 15 uL MTT (M5655, St. Louis, MO, USA)
was added per well and incubated an additional 4 h at 37°C.
The supernatant was aspirated, and 200 uL dimethyl sulfoxide
(D12345, Invitrogen, Thermo Fisher Scientific, Massachusetts,
USA) was added to dissolve formazan crystals. Absorbance
was measured at 492 nm using a microplate reader (TDZ4B-
WS, Lu Xiangyi Centrifuge Instrument, Shanghai, China).

Flow cytometry for apoptosis detection

RSF cells were seeded in a 6-well plate at a density of 1 x
1075 cells/mL and cultured for 24 h to reach a semiconfluent
state. Then, RSF cells were treated with FBS (SH30406.03,
Hyclone, Logan, Utah, USA), FBS and hydrogen gas
(generated using a hydrogen generator, AYAN-HC500ML,
AnYan Instrument, Hangzhou, China), burned rat serum,
burned rat serum and hydrogen gas, normal rat serum, and
normal rat serum and hydrogen gas separately. After treatment
for 48 h, the cells were collected, washed with cold phosphate-
buffered saline (PBS), and stained with Annexin V-fluorescein
isothiocyanate/propidium  iodide  (Annexin  V-FITC/
PI) Apoptosis Detection Kit (401006, BeiBo Biological
Technology, Nanjing, China), in accordance with the
manufacturer’s protocol, to detect apoptotic cells. The stained
cells were then analyzed using a flow cytometer (FACSVerse,
Becton, Dickinson and Company, Franklin Lakes, NJ, USA),
and the data were processed using FlowJo (v10.6.2, Becton,
Dickinson and Company, Franklin Lakes, NJ, USA).[I

Enzyme-linked immunosorbent assay (ELISA) for
cytokine and oxidative stress markers

RSF cells were plated at 3 x 1074 cells/mL in a 48-well plate,
cultured for 24 h, and then treated with FBS (SH30406.03,
Hyclone, Logan, Utah, USA), FBS and hydrogen gas (generated
using a hydrogen generator, AYAN-HC500ML, AnYan
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Instrument, Hangzhou, China), burned rat serum, burned
rat serum and hydrogen gas, normal rat serum, and normal
rat serum and hydrogen gas separately for another 48 h.
Supernatants were collected and stored at —80°C pending
ELISA analysis. For skin tissue samples obtained from animal
experiments, the tissue was first cut into small pieces using
scissors and then added with PBS (PB180327, Pricella, Wuhan,
China). The tissue was then homogenized using a homogenizer
(357544, Wheaton, Millville, USA). After homogenization, the
samples were subjected to low-speed centrifugation (1000 g,
15 min, 5406000092, Eppendorf, Hamburg, Germany) to collect
the supernatant and stored at —80°C for subsequent analysis. The
levels of HMGBI, interleukin (IL)-6, malondialdehyde (MDA),
IL-1B, tumor necrosis factor-alpha (TNF-ot), superoxide
dismutase (SOD), and glutathione (GSH) were quantified using
the corresponding ELISA kits (JL13892, JONLNBIO, Shanghai,
China; A003-1, Jiancheng Bioengineering Research Institute,
Nanjing, China; A001-3, Jiancheng Bioengineering Research
Institute, Nanjing, China; A006-1, Jiancheng Bioengineering
Research Institute, Nanjing, China; E-EL-R0015, Elabsciece,
Wuhan, China; E-EL-R0012, Elabsciece, Wuhan, China;
E-EL-R2856, Elabsciece, Wuhan, China, respectively), in
accordance with the manufacturer’s instructions. The absorbance
was measured at specified wavelengths using a microplate reader
(TDZ4B-WS, Lu Xiangyi Centrifuge Instrument, Shanghai,
China), and the concentrations of the markers were determined
through comparison of the absorbance values to the standard
curves provided with the kits.

Western blotting (WB) analysis

RSF cells were seeded in a 6-well plate at a density of 1
x 1075 cells/mL and cultured for 24 h. Then, RSF cells
were treated with FBS (SH30406.03, Hyclone, Logan,
Utah, USA), FBS and hydrogen gas (generated using a
hydrogen generator, AYAN-HC500ML, AnYan Instrument,
Hangzhou, China), burned rat serum, burned rat serum
and hydrogen gas, normal rat serum, and normal rat serum
and hydrogen gas separately for 48 h. Cells were collected
and lysed in radioimmunoprecipitation assay bufter (P0013B,
Beyotime Biotechnology, Shanghai, China) containing
phenylmethylsulfonyl fluoride to inhibit protease activity.
Protein concentrations were determined using a BCA protein
assay kit (KGDBCA, Keygen, Jiangsu, China), and equal
amounts of protein from each sample were loaded onto
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
gels for electrophoresis. After separation, the proteins were
transferred to polyvinylidene fluoride membranes (FFP32,
Beyotime Biotechnology, Shanghai, China), which were then
blocked with 5% skim milk in Tris-buffered saline with Tween
20 to prevent non-specific binding.”"! The membranes were
incubated with phospho-extracellular signal-regulated kinase
(p-Erk1/2) antibody (1:1000 dilution, 4370, Cell Signaling
Technology, MA,USA), Erkl/2 antibody (1:1000 dilution,
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4695, Cell Signaling Technology, MA,USA), phosphorylated
c-Jun N-terminal kinase (p-JNK) antibody (1:1000 dilution,
9251, Cell Signaling Technology, MA,USA), c-Jun N-terminal
kinase (JNK) antibody (1:1000 dilution, 9252, Cell Signaling
Technology, MA,USA), phosphorylated nuclear factor
kappa-B (p-NF—«B) antibody (1:1000 dilution, 3033, Cell
Signaling Technology, MA,USA), Nuclear Factor kappa-B
(NF-xB) antibody ((1:1000 dilution, 8242, Cell Signaling
Technology, MA,USA), p-p38 antibody (1:1000 dilution,
9211, Cell Signaling Technology, MA,USA), p-38 antibody
(1:1000 dilution, 9212, Cell Signaling Technology, MA,USA),
glyceraldehyde-3-phosphate dehydrogenase antibody (1:10000
dilution, 2118S, Cell Signaling Technology, MA, USA), and
B-actin antibody (1:10000, 4967, Cell Signaling Technology,
MA, USA) overnight at 4°C, followed by incubation with horse
radish peroxidase-conjugated secondary antibodies(ab7090,
Abcam, Cambridge, England). The membrane was removed
from the secondary antibody solution and washed 3 times
with TBST (ST671, Beyotime Biotechnology, Shanghai, China)
for 5 min each time to remove unbound antibodies. The A
and B components of the ECL reagent (P0018AM, Beyotime
Biotechnology, Shanghai, China) were mixed in equal volume
proportions. The mixture was then evenly applied to the
surface of the membrane at a rate of 1 ml per 10 cm? and
incubated for 1-2 min. Protein bands were visualized using
an integrated chemiluminescence imager (ChemiScope 5300
Pro, Qinxiang Scientific Instrument, Shanghai, China), and
band intensity was quantified using Image] (1.6.0-20, National
Institutes of Health, USA).

Hydrogen gas treatment of animal models

The SD rats were randomly divided into three groups, namely,
the healthy control, burn sepsis, and burn sepsis plus hydrogen
treatment groups, with five rats in each group. The burn
sepsis model was constructed following the aforementioned
procedures. For hydrogen treatment, the rats were housed in a
sealed chamber equipped with a hydrogen gas generator that
mixed hydrogen with air at a flow rate of 4 L/min. The rats
were exposed to 65% hydrogen gas for 2 h daily, starting 3 h
after resuscitation. The concentration and exposure time were
selected based on preliminary studies to ensure the effectiveness
of hydrogen gas treatment.*>*! On days 1, 3, 7, 14, and 20
postburn treatment, photographs, and records of the dorsal burn
area of the rats were captured and documented, respectively.

Hematoxylin and eosin (HE) staining and Masson’s
trichrome staining

At 20 days postburn treatment, the dorsal skin tissues of SD
rats were carefully excised from the animals, and skin samples
from the control, burn sepsis, and burn sepsis plus hydrogen
treatment groups were individually labeled for each group.
Skin tissues were fixed in 10% formalin to preserve the tissue
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structure, dehydrated in a graded series of ethanol, cleared in
xylene, and embedded in paraffin. Sections were cut and stained
through HE staining (G1120, Solarbio, Beijing, China) for
histological examination to visualize cellular morphology and
tissue architecture. For Masson’s trichrome staining, the sections
were stained with Weigerts iron hematoxylin followed by aniline
blue and orange G (G1346, Solarbio Beijing, China) to visualize
collagen deposition and arrangement and gain insights into the
extracellular matrix composition and tissue remodeling.?*!

Statistical analysis

All experiments were performed in triplicate to ensure
reproducibility, and the data are presented as the mean *
standard deviation. Statistical analysis was performed using
one-way analysis of variance followed by t-tests for multiple
comparisons. P < 0.05 was considered statistically significant,
which indicates a meaningful difference between groups. All
line charts and bar graphs were analyzed using GraphPad
(9.5.0, GraphPad Software, San Diego, USA).

RESULTS

Hydrogen gas effectively mitigated burn serum-induced
reductions in fibroblast proliferation and enhanced
apoptosis

Fibroblasts extracted from the skin tissues of SD rats were
imaged under a microscope, and they displayed morphological
characteristics, including spindle and polygonal shapes, large
cell bodies, central oval or elliptical nuclei, and multiple
protuberances of varying sizes extending from the cytoplasm.
During growth, the cells exhibited a radially flamelike or
vortical pattern, which indicates cellular health and activity
[Figure la]. Fluorescence staining revealed the presence of
vimentin, a fibroblast cytoskeletal protein, which confirmed
the correct extraction of the RSF cells [Figure 1b].

To investigate the effects of burn serum from rat models and
hydrogen gas on fibroblast proliferation and growth inhibition,
we randomly allocated twelve SD rats into two groups: the
burned rat serum group and the normal rat serum group,
with six rats in each group. For the establishment of the burn
sepsis model, the rats in the burned rat serum group were
exposed to 92°C hot water, and those in the normal rat serum
group were treated with 37°C warm water. Serum samples
were collected from all rats 24 h posttreatment and stored for
subsequent experimental analysis. MTT assays were conducted
on fibroblasts under different conditions: normal FBS, normal
FBS supplemented with hydrogen gas, burn serum, burn
serum supplemented with hydrogen gas, normal rat serum,
and normal rat serum supplemented with hydrogen gas. The
results reveal that the burn serum significantly reduced cell
proliferation (P < 0.01). Notably, the addition of hydrogen gas
in the burn serum group mitigated this detrimental effect,

which suggests the protective role of hydrogen gas against burn-
related cytotoxicity (P < 0.01). Hydrogen gas also improved
cellular responses in normal rat serum, which further supports
this protective effect and highlights the potential therapeutic
utility of hydrogen gas in modulating cellular responses and
promoting wound healing [Figure 1c and d].

To further explore the effects of burn serum and hydrogen gas
on cell apoptosis, we employed flow cytometry using Annexin
V-FITC and PI double staining to provide quantitative and
visual data on apoptosis. The results show that 10% burn
serum-induced apoptosis (15.91%) in cells after 24 h compared
with normal cells. Co-treatment with 60% hydrogen gas
significantly reduced the apoptosis rate (10.9%) in the burn
serum group (P < 0.01). Dot plots were used to visualize the
distribution of live cells, early apoptotic cells, late apoptotic
cells, and necrotic cells. The burn serum-treated group
exhibited a clear trend toward apoptosis, which was reversed
in the presence of hydrogen gas [Figure le and f]. These
findings collectively demonstrate that burn serum negatively
affected fibroblast proliferation and survival, and hydrogen
gas treatment counteracted these effects by promoting cell
proliferation and inhibiting apoptosis, which suggests a
potential therapeutic role for hydrogen gas in modulating
cellular responses in burn wound healing.

Hydrogen gas reduces inflammation and oxidative stress
in fibroblasts treated with burn serum

To investigate the effects of burn serum and hydrogen gas
treatment on inflammation and oxidative stress in fibroblasts,
we employed ELISA to assess changes in the cytokine levels
of the cell culture media. Inflammatory markers, including
TNEF-a [Figure 2a], IL-1f [Figure 2b], IL-6 [Figure 2c], and
HMGBI1 [Figure 2d], showed significantly elevated levels
in fibroblast cultures compared with the normal FBS group
(P < 0.01). This increase indicates a pronounced inflammatory
response. Notably, the addition of hydrogen gas to the culture
media resulted in a significant reduction in the levels of these
cytokines (P < 0.05), which suggests that hydrogen gas may
possess anti-inflammatory properties and potentially attenuate
the inflammatory response to fibroblasts. Oxidative stress
markers, including MDA [Figure 2e], SOD [Figure 2f], and
GSH [Figure 2g], were also evaluated. Results suggest increased
levels of MDA, which is an indicator of lipid peroxidation,
which implies enhanced oxidative stress in the fibroblast
cultures. Conversely, SOD activity and GSH levels, which are
crucial for antioxidant defense, were reduced in the cultures (P
< 0.01). The supplementation of hydrogen gas led to decreased
MDA levels and increased SOD activity and GSH levels (P
< 0.01), which indicate the protective effect of hydrogen
gas against oxidative stress. These results demonstrate that
hydrogen gas can modulate inflammation and oxidative stress
responses in fibroblast cultures treated with burn serum.
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Figure 1: Effects of burn serum and hydrogen gas treatment on fibroblast proliferation and apoptosis. (a) Photographs of the morphology of extracted
fibroblasts; (b) immunofluorescence staining results for RSF cells (Hoechst and Vimentin) were obtained at a magnification of 200x; (c) MTT assay
examining the effects of burn serum and hydrogen gas on fibroblast proliferation, n = 3; (d) MTT assay assessing the influence of burn serum and
hydrogen gas on the growth inhibition of fibroblasts, n = 3; (¢) quantitative analysis of flow-cytometry dual staining for determining the influence of
burn serum and hydrogen gas on fibroblast apoptosis, # = 3; and (f) dot plots from flow-cytometry dual staining depicting the effects of burn serum and
hydrogen gas on fibroblast apoptosis. **P < 0.01. FBS: Fetal bovine serum; RSF cells: Rat skin fibroblasts, MTT: Methylthiazolyldiphenyl-tetrazolium.
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H, treatment modulates key signaling pathways in
fibroblasts related to inflammation and stress responses,
potentially facilitating inflammatory resolution and
promoting cellular homeostasis post-burn

To elucidate the molecular mechanisms by which burn serum
and hydrogen gas treatment regulate fibroblast responses,
we employed WB and quantitative protein analysis to detect
key marker proteins and their phosphorylation changes
involved in cellular signaling related to inflammation, stress,
and proliferation [Figure 3a]. Compared with the normal
FBS group, fibroblasts treated with burn serum exhibited a
significantly increased ratio of p-Erk1/2 to Erk1/2 (P < 0.01),
which indicates the activation of the Erkl/2 pathway. This
activation is consistent with the known role of Erkl/2 in
cellular responses to stress and injury.*® Hydrogen gas
treatment decreased this ratio (P < 0.01), which suggests
a potential inhibitory effect on the prosurvival signaling
cascade [Figure 3b]. After burn injury, the activation of
Erk1/2, a member of the MAPK family, may be associated
with the cell’s response to damage and the repair process. We
hypothesize that the therapeutic effects of hydrogen gas on the
regulation of ERK1/2 signaling pathway molecule expression
may be involved in the wound healing process.*® JNK,
another member of the MAPK family, contributes to cellular
stress, inflammation, and apoptosis.’”! Burn serum treatment
resulted in a marked increase in the p-JNK to JNK ratio (P <
0.01), which reflects the activation of the JNK stress signaling
pathway. The activation of JNK may be related to cellular stress
response and the production of inflammatory mediators.
Hydrogen gas treatment significantly reduced this ratio (P <
0.01), which indicates the protective effect of hydrogen gas
against stress-induced cellular damage [Figure 3c]. Exposure
to burn serum increased the ratio of p-NF-kB to NF-xB in
fibroblasts (P < 0.01), which implies the activation of the NF-
KB pathway, a central regulator of inflammation. Hydrogen
gas treatment effectively decreased this ratio (P < 0.01), which
suggests an anti-inflammatory effect exerted through the
inhibition of the NF-kB signaling pathway [Figure 3d]. The
activation of NF-kB may lead to increased expressions of
pro-inflammatory cytokines, which trigger and exacerbate
inflammatory response. Previous studies have shown the
importance of NF-kB in burn healing by demonstrating the
promotional effect of inhibiting the NF-xB pathway on rat
burn wound healing."”) Burn serum treatment significantly
upregulated the p-P38 to P38 ratio in fibroblasts (P < 0.01),
which activated the P38 pathway involved in the regulation
of inflammation and cellular death. Hydrogen gas treatment
markedly reduced this ratio (P < 0.01), which indicates a
mitigating effect on the inflammatory response [Figure 3e].
Following a burn, the activation of P38 may show an
association with the production of inflammatory cytokines
and apoptosis. The role and mechanism of p38 in systemic
inflammatory response after severe burn and its function
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in acute lung injury in burned rats indicate the significant
involvement of the P38 signaling pathway in the pathological
response and healing process after burn injury.***!

Hydrogen gas treatment-enhanced wound contraction
and histological outcomes in burn sepsis rats

To further investigate the therapeutic effects of hydrogen
gas on burn sepsis, particularly its role in promoting wound
healing, we randomly assigned the SD rats to three distinct
groups: the normal control, burn sepsis, and burn sepsis
+ H, groups, with each group comprising five rats. For the
establishment of the burn sepsis model, the SD rats in the
burn sepsis and burn sepsis + H, groups were subjected to a
92°C hot water bath. By contrast, the normal control group
received a 37°C warm water bath. Wound size was recorded,
and healing curves were plotted to clearly depict the wound
healing process, with the X-axis representing days post-injury
and the Y-axis showing the percentage of wound contraction.
Wound contraction rates were significantly lower in the
burn sepsis control group compared with the burn sepsis +
H, group, which indicates delayed wound healing without
hydrogen gas treatment (P < 0.01). The burn sepsis +
hydrogen gas group exhibited notably accelerated wound
contraction rates, with a stable increase in wound closure
rates from day 1 to day 20 postinjury. This trend suggests that
hydrogen gas treatment significantly accelerated the wound-
healing process in burn sepsis [Figure 4a]. Histological
assessments of wound healing through HE staining and
Masson’s trichrome staining are presented in Figures 4b and
¢, respectively. The HE staining results show that 20 days after
the construction of the burn sepsis model, structural changes
in the wound varied significantly between the control and
treatment groups. The burn sepsis group showed abundant
inflammatory cells within newly formed granulation tissue,
disorganized collagen fibers, and sparse new blood vessels.
By contrast, the group treated with H, showed improved re-
epithelialization [Figure 4b]. Masson’s trichrome staining
highlighted collagen deposition and tissue organization
within the wound area. The burn sepsis control group
presented scattered and loosely arranged collagen fibers, and
the H,-treated group displayed substantial improvements,
including an increased amount of collagen and a denser and
more orderly collagen matrix. These findings indicate that
hydrogen gas treatment not only enhanced wound closure
rates but also the quality of tissue repair by promoting the
orderly deposition of collagen [Figure 4c].

Hydrogen gas treatment-modulated inflammatory and
oxidative stress responses in plasma and skin tissue of
burn sepsis rats

The inflammatory and oxidative stress responses in the
plasma and skin tissues of rats with burn sepsis were
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Figure 3: Molecular mechanisms underlying the regulation of fibroblast responses through burn
serum and hydrogen gas treatment. (a) WB and quantitative analysis of (b) p-Erkl/2, Erkl1/2,
(c) p-INK, JNK, (d) p-NF-«xB, NF-xB, and (e) p-P38, P38. **P < 0.01, compared with normal FBS
group, n = 3. WB: Western blotting, H,: Hydrogen gas, NF-xB: Nuclear factor-kappa B.

regulated through hydrogen gas treatment. Compared
with that of the normal group, the plasma levels of
pro-inflammatory cytokines TNF-o [Figure 5a], IL-
1B [Figure 5b], and IL-6 [Figure 5c] were significantly

elevated in the burn-sepsis control group (P < 0.01),
which indicates a robust inflammatory response without
hydrogen gas treatment. The levels of these cytokines were
notably reduced in the burn sepsis + hydrogen gas group
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Figure 4: Effect of H, treatment on wound healing in burn sepsis: (a) Wound healing rates in rats with burn sepsis following H, treatment.
(b) HE staining, 40x and (c) Masson’s trichrome staining, 40x of burn wounds. *Comparison with burn sepsis group: **P < 0.01, n = 5. Ha:

Hydrogen gas, HE: Hematoxylin and eosin. Scale bar: 2.5 mm.

(P < 0.05), which suggests the anti-inflammatory effect of
hydrogen gas. The level of the oxidative stress marker MDA
[Figure 5d] was elevated in the burn-sepsis control group,
which reflects an increase in lipid peroxidation alleviated
by hydrogen gas treatment (P < 0.01). Conversely, the
levels of the antioxidant enzyme SOD [Figure 5e] and the
antioxidant molecule GSH [Figure 5f] were decreased in
the burn-sepsis control group (P < 0.01). This condition
indicates the depletion of endogenous antioxidant defense
mechanisms, which were partially restored by hydrogen
gas treatment. In addition, the plasma levels of the late
inflammatory mediator HMGBI1 were elevated in the burn-
sepsis control group and reduced following hydrogen gas
treatment (P < 0.01) [Figure 5g].

Similar to the plasma results, the skin tissue levels of TNF-o
[Figure 5h], IL-1P [Figure 5i], and MDA [Figure 5j] were
significantly elevated in the burn-sepsis control group and
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reduced by hydrogen gas treatment (P < 0.01). The SOD
activity [Figure 5k] and GSH levels [Figure 5] of the skin
tissue were decreased in the burn-sepsis control group
(P < 0.01), which indicates impaired skin antioxidant
capacity; such condition was improved by hydrogen gas
treatment (P < 0.01). These results indicate that hydrogen
gas possesses a potential therapeutic effect in mitigating
systemic and local inflammatory and oxidative stress
responses induced by burn sepsis compared with the normal

group.

Hydrogen gas treatment modulated the activation of key
signaling pathways involved in inflammatory and stress
responses in burn sepsis

The activation of critical signaling pathways involved in
inflammatory and stress responses in burn sepsis was
regulated by hydrogen gas treatment. Figure 6a presents the
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Figure 5: Inflammatory and Oxidative Stress Markers in Plasma and Skin Tissues Detected by ELISA. (a-g) Variations in the levels of TNF-a,
IL-1B, IL-6, HMGB1, MDA, SOD, and GSH in plasma. (h-1) Variations in the levels of TNF-a,, IL-13, MDA, SOD, and GSH in skin tissues.
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Figure 6: WB and quantitative analysis of key protein marker changes promoted by H, treatment
in burn sepsis. (a) p-Erk1/2/Erk1/2, (b) p-JNK/JNK, (c) p-NF-kB/NF-xB, (d) p-P38/P38, and
(e) representative WB bands of p-JNK, JNK, p-Erk1/2, Erk1/2, p-P38, P38, p-NF-«B, and NF-«B,
with three replicates each. **Comparison with normal group: **P < 0.01; *Comparison with burn-
sepsis control group: P < 0.01, n = 3. WB: Western blotting, H,: Hydrogen gas, NF-kB: Nuclear

factor-kappa B.

original WB data on the aforementioned proteins. The ratio
of P-Erk1/2/Erk1/2 in the burn sepsis control group was
significantly higher than that in the normal group (P < 0.01),
indicating an increase in Erk1/2 activity, which is associated
with various cellular responses, including apoptosis and
excessive inflammation. Hydrogen treatment significantly
decreased this ratio (P < 0.01), which suggests an inhibitory
effect on the Erk1/2 signaling pathway [Figure 6b]. Similarly,
the ratio of p-JNK/JNK was markedly increased in the
burn-sepsis control group (P < 0.01). This scenario reflects
the activation of the JNK pathway, which is involved in
stress responses and cell apoptosis. After hydrogen gas
administration, this ratio was significantly reduced (P
< 0.01), which indicates a protective effect against JNK-
mediated cellular stress [Figure 6c]. In the burn-sepsis
control group, the ratio of p-NF-kB/NF-kB was significantly
upregulated (P < 0.01), which implies the activation of
the NF-xB pathway, a central regulator of inflammation.
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Hydrogen gas treatment significantly decreased this ratio
(P < 0.01), which suggests that hydrogen gas may exert an
anti-inflammatory effect by inhibiting the NF-«xB signaling
pathway [Figure 6d]. Likewise, in the burn-sepsis control
group, the ratio of p-P38/P38 was significantly elevated (P
< 0.01), which denotes the activation of the P38 pathway,
which participates in inflammatory responses and cell death.
Hydrogen gas treatment significantly reduced this ratio (P
< 0.01), which suggests a mitigating effect on p38-mediated
inflammatory responses [Figure 6e].

DISCUSSION

Burn wound sepsis represents an extremely serious clinical
syndrome commonly triggered by infections at burn sites and
leads to systemic inflammatory response and multiple organ
dysfunctions. The incidence and mortality rates of sepsis in
burn patients are notably high, which poses an important
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challenge in burn treatment. Despite crucial advances in
modern medicine regarding anti-infection, supportive
therapies, and immunomodulation, the complications and
mortality associated with sepsis remain elevated. Therefore,
the exploration of new therapeutic strategies to improve
the prognosis of burn wound sepsis has substantial clinical
significance.l*”

Given the severity of sepsis and the limitations of current
treatments, this study aimed to evaluate the potential of
hydrogen gas as a novel treatment for burn wound sepsis.
Hydrogen, as a selective antioxidant, has demonstrated
anti-inflammatory, antioxidative, and healing-promoting
properties in various disease models. However, its
application in burn sepsis has not been thoroughly
investigated. Thus, this work sought to elucidate the
potential therapeutic mechanism of hydrogen by examining
its effects on the inflammatory response, oxidative stress,
and wound healing of a rat model of burn wound sepsis,
and the findings provide scientific evidence for its clinical
application. Our results indicate that hydrogen treatment
significantly improved several adverse outcomes associated
with burn wound sepsis, including delayed wound healing,
exacerbated inflammatory responses, and increased
oxidative stress. These outcomes suggest the potential
of hydrogen as a promising adjunctive therapy in the
management of post-burn sepsis.

Our study showed that hydrogen effectively alleviated the
fibroblast proliferation inhibition and increased apoptosis
induced by burn serum [Figure 1], consistent with the
previously reported anti-apoptotic properties of hydrogen.**#!
In addition, hydrogen-treated rats exhibited accelerated wound
healing [Figure 4]. Enhanced wound contraction rates and
improved histological results, including better tissue structure
and collagen deposition, indicate the positive role of hydrogen
in wound healing. These results are consistent with previous
findings on hydrogen’s promotion of wound healing.'>4!

The mechanism by which hydrogen promotes wound
healing may be closely related to its anti-inflammatory,
antioxidative, and proliferative properties. Hydrogen’s
protective effects on fibroblasts are further supported
by reductions in the levels of inflammatory cytokines
and oxidative stress markers in plasma and skin tissue
[Figures 2 and 5]. These results align with hydrogen’s
established  anti-inflammatory = and  antioxidative
properties.”” The reductions in the levels of TNF-a,
IL-1B, and IL-6 suggest that hydrogen may suppress
the inflammatory cascade triggered by burn wound
sepsis.[*’l Furthermore, the decrease in the level of late-stage
inflammatory mediator HMGBI1 underscores the anti-
inflammatory action of hydrogen.*! Hydrogen’s capability
to mitigate oxidative stress induced by burn wound sepsis
was demonstrated by the reduced MDA levels and increased

SOD and GSH levels in cellular and animal models.
These findings are consistent with hydrogen’s capacity to
combat oxidative stress by reducing lipid peroxidation and
enhancing antioxidant enzyme activity. The reduction in the
amount of inflammatory cytokines and the improvement in
oxidative stress markers suggest that hydrogen may help
restore the immune balance disrupted by burn wound
sepsis.*”! This condition is crucial to prevent the progression
of sepsis to septic shock and MODS, which are the primary
causes of death in burn wound sepsis patients.

Hydrogen’s regulation of key signaling pathways was further
explored [Figures 3 and 6]. The downregulation of p-JNK,
p-P38, p-NF-kB, and p-ERK in fibroblasts after hydrogen
treatment, suggests that hydrogen may exert its therapeutic
effects through the modulation of these signaling pathways.
The activation of JNK, P38, and NF-«B is closely related to
inflammation and cellular stress, whereas that of ERK is
associated with apoptosis and proliferation./***! Hydrogen’s
capability to modulate these pathways may constitute a core
mechanism for its therapeutic effects on burn wound sepsis.

The mechanisms by which hydrogen exerts its effects are
complex and may involve multiple pathways and cellular
targets. Further investigation, including molecular and
cellular studies, is required to elucidate the exact mechanisms.
In addition, although our study demonstrated the therapeutic
potential of hydrogen in a rat model of burn wound sepsis,
the translation of findings to clinical practice remains to be
validated. Future research should focus on determining the
optimal dosage, administration route, and treatment timing
of hydrogen therapy for patients with burn wound sepsis.

SUMMARY

This study provides strong evidence for the therapeutic
effects of hydrogen on burn-induced sepsis. By modulating
inflammation, oxidative stress, and wound healing, hydrogen
therapy can potentially improve clinical outcomes in this
critical condition. Future research should further elucidate
its mechanisms of action and translate these findings into
clinical practice.
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