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Abstract
Background Sepsis-associated encephalopathy (SAE) is one of the most common types of sepsis-related
organ dysfunction without overt central nervous system (CNS) infection. It is associated with higher
mortality, low quality of life, and long-term neurological sequelae in suspected patients. At present there is
no speci�c treatment for SAE rather than supportive therapy and judicious use of antibiotics, which are
sometimes associated with adverse effects. Molecular hydrogen (H2) has been reported to play crucial
role in regulating in�ammatory responses, neuronal injury, apoptosis and mitochondrial dysfunction in
adult models of SAE. Here we report the protective effect of hydrogen-rich saline in juvenile SAE rat model
and its possible underling mechanism(s). Materials and methods Rats were challenged with
lipopolysaccharide (LPS) at a dose of 8ml/kg injected intraperitoneally to induce sepsis and hydrogen-
rich saline (HRS) administered 1h following LPS induction at a dose of 5ml/kg. Rats were divided into:
sham, sham+HRS, LPS and LPS+HRS. At 48h, rats were sacri�ced and Nissl staining for neuronal injury,
TUNEL assay for apoptotic cells detection, immunohistochemistry, and ELISA protocol for in�ammatory
cytokines determination, mitochondrial dysfunction parameters, electron microscopy and western blot
analysis were studied to examine the effect of HRS in LPS-induced septic rats. Results Rats treated with
HRS improved neuronal injury, improvement in rats’ survival rate. ELISA analysis showed decreased TNF-
α and IL-1β and increased IL-10 expression levels in the HRS-treated group. Apoptotic cells were
decreased after HRS administration in septic rats. The numbers of GFAP and IBA-1positive cells were
attenuated in the HRS-treated group when compared to the LPS group. Subsequently, GFAP and IBA-1
immunoreactivity were decreased after HRS treatment. Mitochondrial membrane potential detected by
JC-1 dye and ATP content were decreased in septic rats, which were improved after HRS treatment, while
release of ROS was increased in the LPS group reverted by HRS treatment, ameliorating mitochondrial
dysfunction. Further analysis by transmission electron microscopy showed decreased number of
mitochondria and synapses, and disrupted mitochondrial membrane ultrastructure in the LPS group,
while HRS administration increased mitochondria and synapses number. Conclusion These data
demonstrated that HRS can improve survival rate, attenuate neuroin�ammation, astrocyte and microglial
activation, neuronal injury and mitochondrial dysfunction in juvenile SAE rat model, making it a potential
therapeutic candidate in treating paediatric SAE.

Introduction
Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infection [1, 2].
Severe infection in children leads to cardiovascular and/or noncardiovascular organ dysfunction referred
to as “sepsis-associated organ dysfunction” [3]. Sepsis-induced in�ammatory response results in
disseminated cerebral dysfunction termed “sepsis-associated encephalopathy, (SAE)” [4], which is
characterized by various clinical or laboratory abnormalities in the absence of central nervous system
infection, such as abnormal cerebral anatomical structures, haemorrhage or embolism. The incidence of
SAE in paediatrics has not been demonstrated [5]. SAE has a long-term impairment, such as behavioral
changes, memory and cognitive dysfunction, with socioeconomic burdens on patients/parents and
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society [6]. In children, the short-term mortality reported are cognitive impairment and poor academic
performance [7]; the long-term include delayed neurodevelopment, low verbal IQ, a decline in school
performance and low intelligence at short-term follow-up [8]. 

Manifestations of SAE include seizures, delirium, focal cognitive de�cits, hallucinations, abnormal sleep
rhythms, personality changes, lack of concentration, and depressive symptoms [9-11]. At present, there
are no diagnostic criteria and risk factor strati�cation for suspected patients with SAE. In other words,
direct CNS infection or other types of encephalopathy have to be excluded from diagnosing SAE [12, 13],
which hinders its early detection and appropriate implementation of management protocols, thus
associated with high mortality rate. This scenario becomes more evident in paediatric patients with few
cases being reported in the literature. Clinical assessment, electrophysiological, neurological imaging and
biomarkers are implemented to aid diagnosis and direct therapeutic strategies; though most of these
diagnostic tools are potentially hampered by sedation, and mechanical ventilation [14-16].

SAE treatment is mainly focused on managing the underlying conditions, as there is no speci�c treatment
protocol [11]. Antibiotics and supportive therapy are the mainstays of treatment, while the sedative
medication is used to treat those showing agitation features [10]. Dexmedetomidine [9, 13], therapeutic
plasma exchange (TPE) [12, 17], activated protein C [18], etc. have been used to treat patients with
suspected SAE. Despite these signs of progress being made, effective treatments are lacking in
suspected SAE individuals, especially in children. Thus, other agents are being explored both in vivo and
ex vivo which are showing positive and promising results.

 

The hydrogen molecule is a small (molecular weight 2 Da), electrically neutral, and nonpolar, which is
colorless, odorless, diatomic gas produced by intestinal bacteria in mammals. Molecular hydrogen (H2)
can easily penetrate several barriers, such as the blood-brain barrier, the placental barrier, and the testis
barrier [19-21]. H2 is permeable to biomembranes and can easily target subcellular organelles, especially
the mitochondria that constitute the biggest source of cellular ROS [22]; it is non-toxic, balances the pH of
body �uids and does not affect the normal metabolic redox reaction due to its small molecular weight
and antioxidative activity which selectively affects only the strongest oxidant [23]. It is neither
in�ammable nor explosive at low concentrations (<4.6% in air and 4.1% in pure oxygen) [24].  Molecular
hydrogen promotes cell detoxi�cation, increases cell hydration, and strengthens the host immune system
[25]. H2 consumption can improve biomarkers of in�ammation and redox homeostasis [19]. H2 also
attenuates injury and dysfunction of important organs (heart, liver, lung, kidneys, and brain) and
physiological barriers (epithelial cell barrier, vascular endothelial cell barrier) by suppressing oxidative
stress and in�ammation as well as reducing apoptosis and regulating sepsis-induced autophagy [25].

Extensive studies both in vivo and ex vivo have shown that H2 play an effective therapeutic role in many
disease entities such as sepsis, ischaemia-reperfusion injury, hypoxic-ischemic brain damage (HIBD),
organ transplantation, stroke, MODS, type 2 diabetes, atherosclerosis, bronchopulmonary dysplasia
(BPD), neurodegenerative diseases, skin diseases, cancers, ionising radiation and oxygen toxicity [20, 25,
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26, 27]. From the aforementioned, it is perceivable that H2 has multiple roles not only in the CNS but also
in other systems by regulating a myriad of mediators and factors activated following brain injuries, such
as attenuating neuroin�ammation [22, 28, 29], decreasing oxidative stress parameters [30, 31],
ameliorating in�ammatory response and neuronal apoptosis [32, 33], regulation of signaling pathways
[34, 35], improving mitochondrial dysfunction [36, 37], regulating astrocyte and microglial activation [38].
However, there is limited experimental evidence of hydrogen-rich saline (HRS) regulating in�ammatory
cytokines, neuronal injury, apoptotic cascades and mitochondrial dysfunction in paediatric patients with
SAE.  

In this study, we investigate the effect of HRS in regulating neuronal apoptosis, mitochondrial
dysfunction and neuroin�ammation in a juvenile SAE rat model, and the possible underlying
mechanism(s). We hypothesized that the administration of HRS following LPS-induced sepsis may
attenuate neuroin�ammation, astrocyte and microglia activation, mitochondrial dysfunction and
neuronal apoptosis, potentially improving overall neurological outcomes.

 

Materials And Methods
Animal model

All experiments were performed by the Guide for the Care and Use of Laboratory Animals (Ministry of
Health, China); the protocol was approved by the Animal Care Committee of Southern Medical University.
All rats were housed with free access to food and water under standard conditions, including humidity of
55 to 65%, a temperature of 21 to 27°C and a 12 h light/dark cycle.

 Chemicals and preparations

Hydrogen-rich saline (HRS) was procured from GeneCare Water Treatment Co.; Ltd (Beijing, China). HRS
was prepared according to the manufacturer’s instructions. Brie�y, it was dissolved in normal saline for 6
h at 4 ℃ in a 0.4 Megapascal (MPA) to a supersaturated level using hydrogen producing apparatus.
Hydrogen-rich saline was freshly prepared weekly to maintain a 0.6mmol/L concentration. A needle-type
hydrogen sensor (Unisense A/S) was used to monitor the hydrogen concentration. Gram-negative
bacterium lipopolysaccharide (LPS) 055:B5 (Sigma-Aldrich. St. Louis, MO, USA) was �rst dissolved in
0.9% saline (0.3 ml) for the subsequent induction of the SAE model.

 SAE animal model

Forty-eight juvenile male (4 to 5 weeks old, weighing 100 to 120 g) Sprague-Dawley (SD) rats were
obtained from Southern Medical University (SMU) Experimental Animal facility, SCXK (Yue) 2021-0041.
The SD rats were randomly divided into sham (SH) group, sham+HRS group, lipopolysaccharide (LPS)
group and LPS +HRS group. LPS was �rst dissolved in saline and then administered at 8 mg/kg to induce
the SAE model. The rats in the HRS treatment group received a single dose of HRS dissolved in normal
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saline at 5ml/kg injected intraperitoneally for 1h following LPS according to their corresponding group
assignment. An equal volume of normal saline was injected accordingly in the control group.

 Nissl staining

After HRS treatment following SAE induction, rats were anaesthetised with chloral hydrate and then
sacri�ced at 48 h post-SAE by transcardiac perfusion with saline followed by 4% paraformaldehyde in
0.1M PBS solution. The brains were quickly removed and post�xed with 4% paraformaldehyde embedded
in para�n at 4°C left overnight. Brain tissues were coronally sectioned with a thickness of 4µm. The
sliced specimen were hydrated in 0.1% cresyl violet for 2min, then dehydrated in ethanol and cleared with
xylene. Afterwards, the stained slides were observed with a LEICA DM2500 microscope.

 Neurological Scores and survival analysis

Neurological function was assessed using a standard scoring system [39]: 0 = no apparent de�cits, 1 =
contralateral forelimb �exion, 2 = decreased grip of contralateral forelimb, 3 = contralateral circling if
pulled by tail, 4 = spontaneous contralateral circling. Rats were followed for 48h to measure the survival
rate after induction of sepsis.

 Enzyme-linked immunosorbent assay (ELISA)

Serum and tissue supernatants were prepared according to the instructions. Serum levels of TNF-α, IL-1β
and IL-10 were measured using a commercially available enzyme-linked immunosorbent assay (ELISA)
kit (Cusabio Wuhan, China) according to the manufacturer’s instructions. Brain tissues were stored at
−80°C and then were thawed by stepwise temperature increase (–20 °C and +4°C, respectively). Tissue
supernatants were obtained from brain tissue by sonication in phosphate-buffered saline (PBS). Serum
and tissue homogenate was then subjected to centrifugation at 3000 rpm for 10 min at +4°C. Serum and
tissue homogenates of the brain tissue samples were used to determine the levels of TNF-α, IL-1β and IL-
Microplate readers analysed absorbance values at different wavelengths (Biotek Instruments, Inc.,
Vermont, USA).

 TUNEL staining 

Rats were �rst anaesthetized with chloral hydrate and then sacri�ced 48h h post SAE by transcardiac
perfusion with saline followed by 4% paraformaldehyde in 0.1M PBS solution. The brains were quickly
removed and post�xed with 4% paraformaldehyde embedded in para�n at 4°C left overnight, and
sectioned into 4μm thickness slices. Apoptotic cells were visualized by in situ detection of DNA
fragmentation (terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling, TUNEL)
according to the manufacturer’s instructions (Elabscience Biotechnology Co.; Ltd Wuhan, China). Five
slices were selected randomly in each group and analyzed with a LEICA DM2500 microscope. The
Apoptosis Index (AI) was calculated by Image J software. AI = the number of apoptotic cells / total
number of cells × 100%.
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 Mitochondrial function

MMP measurement

Mitochondrial membrane potential (MMP) was measured using JC1 dye (Beyotime Biotechnology)
according to the manufacturer's instructions. Brie�y, the mitochondria were �rst isolated from brain
tissues using a Tissue Mitochondrial isolation kit (Beyotime Biotechnology) according to the
manufacturer’s instructions. Following the experiment, the isolated mitochondria were dyed with JC1
staining solution at 37˚C for 30 min, and the �uorescent properties changed from green to red when the
level of MMP was high. Red �uorescent JC1 aggregates form in hyperpolarized membranes, whereas
green �uorescent monomeric forms indicate membrane depolarization. The higher the ratio of red to
green �uorescence, the more intact the mitochondrial membrane is.

 ATP content detection

The ATP content was determined with the ATP Solarbio Life Sciences Assay kit according to the
manufacturer's instructions. Brie�y, serum and brain tissue supernatants were extracted and centrifuged
at 1000g 4°C for 10min, and then transferred to an ice-cold EP tube. Subsequently, the mitochondrial
content was measured using a microplate reader ((Biotek Instruments, Inc.).

 Determination of mtROS

mtROS production was measured using the ROS-speci�c �uorescent probe (Applygen Technologies Inc.),
and dichlorodihydro�uorescein diacetate (DCFHDA). The �uorescence intensity was measured in a
�uorescent microplate reader (BioTek Instruments, Inc.). The �uorescence intensity was normalized to
that of the control group.

 Western blotting

Animals were euthanized at 48 h after SAE, after transcardiac perfusion with cold PBS (pH7.4) solution;
brain tissues were then frozen and stored at -80°C until analysis. Brain tissues were collected in lysis
buffer (2% SDS, 1% Triton X-100, 50mM Tris-HCl and 150mM NaCl, pH 7.5), and a protease inhibitor
cocktail (Roche, USA) for the detection of  GFAP, IBA-1, Bcl-2 and Bax proteins by Western blotting. The
samples were centrifuged at 14,000x g for 15min at 4°C and the supernatants were collected for
measurements of protein concentrations using the bicinchoninic acid (BCA) technique according to the
manufacturer’s protocol. Protein (15μg) lysates were separated by SDS-PAGE electrophoresis, transferred
to nitrocellulose membrane and analyzed by conventional immunoblotting. Antibodies were diluted in a
blocking solution containing TBS-T(150 mM NaCl, 8 mM K2HPO4, 1.99 mM KH2HPO4, 0.1% Tween) and
the membranes incubated overnight at 4°C with the following primary antibodies: GFAP (LOT. no.
59h2301), AIF1/IBA-1 (LOT. no. 52c1105), Bcl-2 (LOT. no. 11o9905) and Bax (LOT. no. 44q6915), all from
A�nity Biosciences. Subsequently, the membranes were washed with TBST three times, followed by
incubation with corresponding horseradish peroxidase-conjugated rabbit IgG secondary antibody (LOT.
no. BST17A04A17B54, Boster) at 37˚C for 1 h. After washing with TBS-T three times, proteins were then
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probed with an ECL+Plus chemiluminescence reagent kit (Amersham) to visualize the signal followed by
exposure to X-ray �lm. Gel-Pro Image Analyzer Software was used to analyze protein bands in SDS-PAGE.
The density ratio represented the relative intensity of each band against GAPDH (LOT no. GR3316865-11,
Abcam).

 Immunohistochemistry and Immuno�uorescence staining

The rats were anaesthetized with 10% chloral hydrate and sacri�ced by transcardiac perfusion with ice-
cold PBS and 4% paraformaldehyde. Isolated coronal sections (4µm) were incubated with 3% hydrogen
peroxide (H2O2) in PBS and incubated overnight with primary antibodies against GFAP, IBA-1 (1: 200;
A�nity Biosciences). The sections were then treated with a secondary antibody (PV-9000, OriGENE,
Beijing, China) according to the manufacturer’s instructions, and tissue sections were stained with
diaminobenzidine (DAB) for 2min to detect nuclear DNA. The sections were then visualized using a LEICA
DM2500 microscope.

For immuno�uorescence analysis, animals were perfused with PBS followed by 4% paraformaldehyde.
After perfusion, the brain was removed and post�xed in a �xative solution for 4h, placed in PBS
containing 30% sucrose, and then stored at 4°C. Brain sections were cut in 7µm with a cryostat (LEICA
RM2016) and processed for immuno�uorescence. After blocking with 5% BSA at room temperature for
30min, sections were then incubated overnight at 4°C with primary antibodies against GFAP (LOT no.
Gb12096) and IBA-1 (LOT no. gb12105). Sections were washed with 0.1M PBS 3 times, 5min each and
incubated with HRS anti-goat secondary antibody (CY3, GB21303). After wash, immuno�uorescence
mounting buffer containing 4’, 6-diamidino-2-phenylindole (DAPI) (Servicebio, China) was used for
covering and observed with a �uorescence microscope (NIKON Eclipse C1, Japan).

 Electron microscopy

The brain tissue samples were harvested, cut into small pieces and �xed with 2% paraformaldehyde and
0.25% glutaraldehyde in phosphate buffer at 4˚C overnight. Sections were then washed with the same
buffer and post�xed with 0.25% glutaraldehyde and 1% phosphate-buffered osmium tetroxide at 4˚C
overnight. Samples were sliced into sections of about 60-80 μm prepared in EMBed812 resin (SP 90529-
77-4) and mounted onto copper grids. After the �xation, a graded series of concentrations of ethanol (30,
50, 70, 90, 95 and 4 × 100% each for 20 min) was used to dehydrate and acetone for 15min, and then
samples were mounted onto copper wire mesh. The sections were stained with 2% uranyl acetate for 30
min at 4˚C, followed by staining in 2.6% lead citrate solution for 30 min at room temperature. The
sections were observed using a transmission electron microscope (Hitachi, Ltd., Tokyo, Japan).

  Statistical analysis

Data were presented as means±SD. The survival rate was estimated using the Kaplan-Meier method, and
the survival curves were determined by Log-rank (Mantel-Cox) test. Multiple comparisons between two
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groups were performed by ANOVA followed by the Turkey test. GraphPad Prism 6.0 software was used
for all statistical tests. Values with p<0.05 were considered signi�cant.

Results
Effect of HRS on neurobehavioural function 48h after sepsis induction

The neurological function was assessed in HRS-treated rats with sepsis induced by LPS (Fig. 1A). As
shown above, the neurological function was decreased in the LPS group compared to the sham-operated
group, with a mean of 29.85±7.32 and 8.27±3.09, respectively. This was signi�cantly improved in the
HRS-treated group, with a mean of 23.03±6.43 (p<0.05). The survival rate assessed at the end of the
study period by the log-rank (Mantel-Cox) test showed a downward sloping of the survival curve in the
LPS and HRS groups compared to the sham or sham+HRS group (Fig. 1B). However, the downward
sloping of the survival curve was more obvious in the LPS group. The survival rate in the LPS-treated rats
was 33.33% compared to 66.67% in the HRS-treated group (p<0.05). This data indicates that HRS
treatment could improve the survival rate in septic rats.

 HRS improves neuronal injury 48h following LPS-induced sepsis

Nissl staining in brain tissues of septic rats showed dense and purple blue nuclei and abundant Nissl
bodies in the cytoplasm of neurons in the sham-operated or sham+HRS group; whereas, in the LPS group
there were increased neuronal loss, disordered and sparse neurons, blurred and/or absent Nissl bodies,
tissue breakdown and neuronal vacuolization in both the cerebral cortex and hippocampus, while HRS
treatment decreased neuron loss, tissue breakdown and vacuolization, and increased the number of
normal neurons and Nissl bodies compared to the LPS-treated group thereby ameliorating neuronal injury
in both cerebral cortex and hippocampus, as shown in Fig. 1C. Positive neuron number was also
decreased in the LPS group of the cerebral cortex and hippocampus compared to the sham group (Fig.
1D, 1E). Conversely, this was increased after HRS administration in the cerebral cortex and hippocampus,
the mean corrected positive neuronal cell count in the HRS group was 39.33±7.09 and 28.00±5.18
compared to 14.67±5.96 and 11.50±4.85 in the LPS group, respectively (p<0.05).

 HRS attenuates in�ammatory mediators 48h following LPS-induced sepsis in rats

The levels of in�ammatory mediators were estimated in rat serum and brain tissues of LPS-induced
sepsis by ELISA assays. The levels of TNF-α and IL-1β were signi�cantly elevated in the LPS group
compared with the sham-operated or sham+HRS group in serum of septic rats 18.65±7.20 and
30.44±9.15 vs. 6.03±1.34 and 15.23±2.12 (p<0.05), respectively, while HRS treatment ameliorated the
excessive release of TNF-α and IL-1β in serum of rats, 8.64±0.86 and 18.35±1.45, respectively (Fig. 2A,
4B). However, the expression of IL-10 was signi�cantly decreased in the LPS group compared to the
sham-operated group, 9.25±2.89 vs. 16.78±1.05, respectively; while the increased release of IL-10 induced
by LPS was elevated in the HRS-treated group, 14.31±2.00 (Fig. 2C). Brain tissues of septic rats showed a
similar effect, where TNF-α and IL-1β were increased (93.06±15.59 and 104.50±28.08 vs. 22.19±2.07 and
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28.93±2.36, respectively), and decreased-10 expression levels (38.38±7.29 vs. 65.19±7.62) in the LPS
group compared to the sham-operated group; this was reverted in the HRS-treated group (46.59±7.65,
55.24±6.54 and 57.74±9.62, respectively) (p<0.05, Fig. 2D-F). This data indicates the effect of HRS in
regulating neuroin�ammation by decreasing pro-in�ammatory mediators (TNF-α, IL-1β) and increasing
anti-in�ammatory mediators (IL-10) in septic rats.

 HRS improves neuronal apoptosis neurons 48h after LPS-induced sepsis

Neuronal apoptosis of septic rats was assessed by TUNEL staining. As shown in Fig. 3, the number of
apoptotic cells was increased in the LPS-treated group compared to the sham-operated or sham+HRS
group in both the cerebral cortex and hippocampus, characterized by brown stain apoptotic neuronal cells
and shrunken morphology in the injured rat brain (Fig. 3A), these changes were improved in the HRS-
treated group with less brown stained apoptotic cells (p<0.05). The percentage of TUNEL-positive cells in
LPS and HRS-treated groups was 64.67±17.76 vs. 38.33±12.47 and 74.17±13.89 vs. 33.00±17.34 in the
cortex and hippocampus, respectively (Fig. 3B, 3C), (p<0.05). This data suggest that HRS treatment can
improve neuronal damage by decreasing the number of apoptotic cell death.

 Effect of HRS on astrocytes and microglia activation in rats with LPS-induced sepsis

Immunohistochemistry analysis of brain tissues 48h after LPS administration showed an increased
number of GFAP (top diagram) and IBA-1 (bottom diagram) positive cells in the LPS-treated group
compared to the sham-operated or sham+HRS group in the cerebral cortex and hippocampus (p<0.05).
Conversely, this was decreased in the HRS-treated group compared with the LPS-treated group (Fig. 4A-C;
top: GFAP; bottom: IBA-1). The immuno�uorescence analysis showed a signi�cant increase in the
number of GFAP and IBA-1 positive cells immunoreactivity in the LPS-treated group compared to the
sham-operated group (p<0.05). Similarly, this was decreased in the HRS-treated group compared with the
LPS-treated group in both the cerebral cortex and hippocampus (Fig. 5A-C; top: GFAP; bottom: IBA-1). This
result suggests that activated astrocytes and microglia in septic rats can be abrogated after HRS
treatment.

 HRS alleviates mitochondrial dysfunction 48h following LPS-induced sepsis in rats

Mitochondrial function was assessed through MMP, ATP content, and mtROS detection in brain tissues of
septic rats. As shown in Fig. 6, the MMP damage was measured by JC-1 dye that showed reduced MMP
(the monomer/J-aggregates value was upregulated) in the LPS-treated group compared to the sham
group, 7.04±0.75 vs. 3.20±0.57, respectively (p<0.05). Whereas, the HRS-treated group exhibited a
signi�cant increase in MMP (the monomer/J-aggregates value was downregulated) compared to the LPS
group, 4.52±0.76 vs. 7.04±0.75 (Fig. 6A). No statistical signi�cance between sham and sham+HRS
group. The ATP content was measured in serum and brain tissues of septic rats, which showed
decreased ATP content in the LPS group compared to the sham group, 0.60±0.18 vs. 2.38±0.71 and
0.54±0.08 vs. 2.43±0.78, respectively (p<0.05), this was increased in the HRS-treated group in both serum
and brain tissues 2.03±0.40 and 2.10±0.54, respectively (Fig. 6B, 6C), (p<0.05). No statistical signi�cance
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between sham and sham+HRS group. Mitochondrial ROS damage was measured by DCFH-DA showing
the increased release of mtROS in the LPS group compared to the sham-operated and sham+HRS groups,
16.25±6.40 vs. 2.75±1.71 (Fig. 6D), while the HRS-treated group exhibited a signi�cant decrease in
mtROS release in septic rats compared to the LPS-treated group, 7.75±2.75 vs. 16.25±6.40 (p<0.05).
These data suggest that HRS treatment ameliorated mitochondrial dysfunction and injury in septic rats
induced by LPS.

 Effect of HRS on mitochondrial damage and ultrastructural disruption in LPS-induced septic rats

We assessed mitochondrial damage 48h after LPS administration by transmission electron microscopy.
The number of mitochondria and synapses was decreased in the LPS group compared to the sham or
sham+HRS group (Fig. 7A-C), implying increased mitochondrial damage in septic rats induced by LPS.
However, the number of mitochondria and synapses was increased in the HRS-treated group (p<0.05) No
statistical signi�cance between sham and sham+HRS group. Further ultrastructural analysis by TEM
showed disrupted and discontinuous mitochondrial nuclei membrane (red arrows) in the LPS group
compared to the sham or sham+HRS group showing an intact double nuclei membrane without
disruption (Fig. 7D-E). The disrupted and discontinuous nuclei membrane of the mitochondria was
improved in the HRS-treated group; implying the positive effect HRS has in maintaining intact
mitochondrial structure.

 Effect of HRS on GFAP, IBA-1, Bcl-2 and Bax protein expression in rats with LPS-induced sepsis

Protein expressions of GFAP, IBA-1, Bcl-2 and Bax were analyzed in LPS-induced septic rats treated with
HRS by western blot. As shown in Fig.8A, 8B, the expressions of GFAP and IBA-1 were markedly increased
in the LPS-treated group compared to the sham-operated or sham+HRS group while HRS treatment
signi�cantly reduced the protein expressions of GFAP and IBA-1 (p<0.05). Bax was elevated in LPS-
induced septic rats compared to the sham or sham+HRS group. However, the Bcl-2 expression was
reduced in the LPS-treated compared to the sham-operated or sham+HRS group (Fig. 8C, 8D). Conversely,
Bax demonstrated a statistically signi�cant reduction in the HRS-treated group compared to the LPS-
treated group. Moreover, HRS treatment signi�cantly increased Bcl-2 expression compared with the LPS
group (p<0.05).

Discussion
In this study, we reported the neuroprotective effects of hydrogen-rich saline (HRS) in attenuating
neuroin�ammation, neuronal injury, improved survival rate, and improving mitochondrial dysfunction in
the juvenile SAE rat model. This is also the �rst study to demonstrate the effects of HRS in the paediatric
SAE model. SAE represents a challenge in the ICU with high mortality and morbidity but with few
available treatment options other than systemic support and antibiotics that are sometimes associated
with brain dysfunction in critically ill patients as a side effect [40], especially in children due to the
complexity of their brain development and disease course. 
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The pathophysiology of SAE is multifactorial involving diffuse neuroin�ammation, disrupted BBB,
mitochondrial dysfunction, oxidative stress, excitotoxicity, and cerebral autoregulation impairment [11, 41,
42]. These pathogenetic mechanisms have similar characterisation both in adults and children, though
their pathogenesis and clinical presentation might differ due to the evolving brain. For instance, systemic
adaptive and immune responses following infections, the resistance of the immature brain to injury [43,
44], and functional BBB response after brain injury insults [45]. Most of these factors are said to be
regulated by HRS, in part via neuroin�ammatory attenuation, oxidative stress modulation, maintaining
BBB integrity, ameliorating mitochondrial dysfunction, regulating astrocyte and microglia activation and
suppressing NLRP3 in�ammasome activation in adults SAE models [19, 25, 46]. 

Neuroin�ammation results from the upregulation of pro-in�ammatory cytokines (PICs) that are involved
in microcirculatory dysfunction by potentially altering blood �ow [11]. Upregulated PICs mediate SAE
occurrence due to their direct correlation with BBB disruption, brain edema, neutrophil in�ltration,
astrocytosis, and apoptosis of brain cells [47]. The mRNA expression of TNF-α and its receptor, TNFR1 is
also upregulated following LPS induction in the septic encephalopathy model [48]. Similarly, stimulated
microglia and astrocytes by cytokines further produce other cytokines, chemokines, nitric oxide, excitatory
amino acids, COX2, and reactive oxygen species (ROS), which are detrimental to the immature brain due
to the enhanced vulnerability of maturing cells [49]. Our results showed that PICs, e.g., TNF-α and IL-1β
were upregulated while anti-in�ammatory cytokines, e.g., IL-10 was downregulated in septic rats induced
by LPS thereby exacerbating neuroin�ammation. However, HRS treatment attenuated neuroin�ammation
by reducing TNF-α and IL-1β expression levels and subsequently increasing IL-10 levels both in serum
and brain tissues of septic rats. Previous studies have reported similar effects [46, 50]. A recent control
trial also demonstrated the protective effect of HRS in healthy individuals by decreasing in�ammatory
response and increasing antioxidant capacity [51]. In vivo studies showed that reactive astrocytes (A1)
phenotype is also induced by TNF-α and IL-1β after being stimulated by LPS [52], thus it is conceivable
that there exist a synergy between astrocytes activation and upregulation of pro-in�ammatory mediators
(TNF-α and IL-1β) during sepsis. In essence, decreasing A1 reactive astrocytes is crucial in curtailing
neuroin�ammation and astrocytes activation. It is therefore plausible to state that the mechanistic
effects of HRS is through balancing and maintaining activation of in�ammatory mediators as
demonstrated above where TNF-α and IL-1β were downregulated and IL-10 upregulated, suppressing A1
reactive astrocytes and microglia activation in septic rat model.

Neuronal sensitivity from increased levels of nitric oxide (NO) produced by activated microglia can
exacerbate neuronal apoptosis [9]. Certain chemokines also promote neuronal apoptosis, as evidenced by
increased upregulation of Ccl2 or Cxcl2 protein levels in the PLS model, resulting in hippocampal
neuronal apoptosis, thus supporting a direct role of these chemokines in neuronal death [53]. Another
study reported that postnatal day 1 (p1) is more vulnerable to neurotoxicity than postnatal day 2 (p2) in
septic rat model induced either induced by hypoxia-ischemia, LPS or both, due to the immaturity of
neuronal cells [43]. In our present study, both neuronal injury (evidenced by increased number of
damaged neurons, dissolved cellular structure and dark nuclei, shrunken cytoplasm and perineuronal
vacuolisation) and neuronal apoptotic cell death were increased after LPS administration in SAE rats,
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while HRS treatment abrogated neuronal injury and apoptotic neuronal cell death both in the cerebral
cortex and hippocampus. HRS enhanced the e�ciency of the defense response evidenced by improved
resolution of neuroin�ammation in sickness behavior induced by LPS [29], as well as attenuation of
neuronal apoptosis in early brain injury of SAH rat model [54]. We also reported improved neurological
function at 48h following LPS induction, as well as an improved survival rate after HRS administration.
Other studies have also demonstrated the effect of H2 in attenuating neurobehavioral de�cits and
neuronal apoptosis in a neonatal hypoxia-ischemia rat model [38, 55]. Based on these results and ours, it
is conceivable that HRS protective mechanism in septic models is probably via counteracting pro-
apoptotic mediators’ activation and ameliorating neuronal injury.

Mitochondria as the powerhouse of cellular metabolism, is responsible for over 90% of the total body
oxygen consumption and ATP generation via oxidative phosphorylation [56]. Mitochondria play a vital
role in neuronal functions, and alteration of mitochondrial dynamics including �ssion and fusion can
have deleterious effects. In an SAE model, LPS stimulation led to a loss of mitochondrial membrane
potential, propagation of dynamin-related protein 1 (Drp1) and p53 recruitment with subsequent initiation
of cell death pathways [57]. Decreased mitochondrial ATP generation is caused by increased release of
ROS and NO, which in turn induce neuronal apoptosis by releasing cytochrome C [58]. In addition,
activation of reactive nitrogen species (RNS), NO and ROS can inhibit complexes I and IV of the electron
transport chain (ETC), which disrupt mitochondrial function that is implicated in SAE pathogenesis [9,
59]. Excessive production of ROS during sepsis exacerbates mitochondrial damage and decrease in ATP
concentration, and subsequent depletion of cellular/energy metabolism, resulting in bioenergetic failure.
Our present study demonstrated that the mitochondrial membrane potential (MMP) and ATP content
were decreased in septic rats while ROS production was increased. Increased release of ROS after LPS
induction resulted in mitochondrial dysfunction and directly or indirectly inhibiting mitochondrial
respiratory chain complexes vital for normal cellular metabolism. Damaged mitochondria further
impaired it ability to generate ATP, thus altering the bioenergetic status of cellular function. However, this
excess release of ROS was abrogated after HRS treatment, thus improving mitochondrial dysfunction.
ATP content is vital for maintaining constant supply of energy needed by the body. ATP concentration
was reported to decrease in non-survivors of septic patient attributed to increase rise of AMP resulting in
imbalance in ATP turnover, thus decreased ATP production [56]. Our present study demonstrated similar
results where ATP content was decreased in septic rats that were conversely enhanced after HRS
administration. Similarly, HRS improved MMP, further highlighting it effect in improving mitochondrial
dysfunction. Interestingly, reactive astrocytes (A1) result in less formation of synapses and that even
those that have formed are weaker compared to those produced by healthy resting astrocytes [52]. Our
results further showed that the number of mitochondria and synapses following the LPS challenge were
decreased. Thus, inhibiting A1 reactive astrocytes can have positive effect in increasing synaptic
formation as well as maintaining strong and healthy synapses, which our results has demonstrated after
HRS treatment. Similarly, mitochondrial biogenesis is also disrupted due to exacerbated PICs activation;
and our results showed that the mitochondrial membrane was disrupted after LPS administration,
resulting in ultrastructural damage to mitochondrial biogenesis. Other studies have reported similar
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results [4]. Furthermore, mitochondrial dysfunction due to uncontrolled leakage of electrons from the
electron transfer chain can be mitigated after HRS administration, thus improving mitochondrial energy
metabolism [60].

Recent studies showed that astrocytes and microglial cells are involved across SAE pathomechanistic
spectrum, with in�ammatory activation occurring mainly in microglial cells [61]. Microglia activation
involved two phenotypes, M1 cells that produce PICs and ROS and M2 cells that produce anti-
in�ammatory mediators that play neuroprotective effect and tissue repair ability [61, 62]. Activated
microglia deteriorates BBB integrity subsequently enhancing ROS release, which leads to brain
dysfunction [47]. Studies have shown that microglia depletion during severe sepsis development is
associated with early exacerbation of the brain and systemic in�ammation in the sepsis model [63].
Similarly, astrocytes, which control homeostasis and catabolism, also have two forms; reactive
astrogliosis triggers nervous tissue damage by attracting immune cells speci�cally to the injured region
and facilitates their extravasation and tissue in�ltration [64]. In addition, astrocytes have been reported to
restore neuronal mitochodrial membrane potential that result in increased mitochondrial content [65]. in
vivo studies have shown that reactive microglia are needed to induce A1 reactive astrocytes in LPS-
treated cells [52]. Thus, astrocytes activation is exacerbated by reactive microglia, both are implicated in
the pathogenesis of sepsis. Our present study demonstrated that LPS induced increased activation of
astrocyte and microglia in septic rats as shown by elevated expressions of GFAP and Iba-1 in both
cerebral cortex and hippocampal neurons, causing neurotoxicity. HRS administration decreased
activation of these markers, thus ameliorating astrogliosis and microglial activation. Further analysis by
immuno�uorescence staining showed increased immunoreactivity of GFAP and Iba-1 in the cerebral
cortex and hippocampus that was reverted after HRS treatment, highlighting the possible mechanistic
action of HRS in modulating astrocytes and microglial activation implicated in the SAE pathogenesis.
Another study reported similar �ndings where HRS treatment decreases M1 polarization thereby
regulating microglia activation in a septic rat model [46]. At protein level, both GFAP and Iba-1 were
downregulated in the HRS group when determined by western blot, suggesting it molecular actions in
regulating these proteins. Though, further studies are needed to explore its targeted molecular function,
our results have shown that HRS is crucial in maintaining mitochondrial function, modulating
in�ammatory mediators and regulating astrocytes and microglia activation.

A recent study showed that early �uid resuscitation and inhalation of 2% hydrogen could decrease
oxidative damage and inhibit the overexpression of in�ammatory factors, as well as downregulating the
expression of proapoptotic protein Fas, and up-regulate the expression of anti-apoptotic protein Bcl2 in
septic shock rats [66]. Our results also showed the effect of HRS in regulating apoptotic mediators, where
Bcl-2 was downregulated and upregulated Bax expression levels in septic rats, while HRS treatment
exerted the opposite effect in regulating these mediators at molecular level.

The present study did not assess the long-term effect of HRS in improving neurological function and
memory impairment, as reported in adult SAE models [67, 68]. Although our current study does not
provide the exact mode of action of HRS, a possible sequence of events   from exposure to HRS to
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protection of sepsis-associated encephalopathy could be postulated as follow: HRS could exert it’s action
on mitochondria �rst through its anti-oxidative stress function, followed by anti-apoptotic activity through
inhibition of the intrinsic apoptosis pathways such as inhibition of the release of cytochrome C and the
related cascade, resulting in increase of pro-survival molecules such as AkT and phosphorylated AkT (p-
AkT) and activation of mTOR pathway leading to inhibition of microglia activation and attenuation of
in�ammation. Naturally, the mechanism(s) underlying HRS neuroprotective effects in attenuating
neuroin�ammation and modulating astrocyte and microglia activation need further elucidation in
paediatric SAE models. Nevertheless, our present study has shown the potential mechanistic effects of
HRS in ameliorating in�ammatory response; inhibit astrocyte and microglia activation, neuronal injury,
neuronal apoptosis, and mitochondrial dysfunction, thus postulating its application in paediatric SAE as
a promising therapeutic agent.
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Figure 1

HRS treatment attenuated neurological score and neuronal injury in SAE rat model 48 h after LPS
induction. (A, B) Statistical representation of neurological test and survival curves of septic rats in each
group, respectively. (C) The photograph indicates decreased number of normal neurons stained with Nissl
stain, showing disordered cellular structure with shrunken cytoplasm and perineuronal vacoulation with
dark nuclei in the LPS group, which were not obvious in the HRS treated group in both the cortex and
hippocampus, respectively (n=5). Scale bar=50μm (D, E) Quanti�cation of Nissl stained neuronal cells in
the cortex (D) and hippocampus (E) of each group. .All data are presented as mean±SD  ****p<0.0001,
***p<0.001, **p<0.005, *p<0.05 Note: HRS: Hydrogen-rich saline; LPS: Lipopolysaccaride

Figure 2

HRS treatment attenuated in�ammatory cytokines 48 h after LPS induction in SAE rats. (A-C) statistical
representation of systemic in�ammation in serum of septic rats showing increased expressions of TNF-α
and IL-1β in the LPS group, which were decreased in the HRS-treated group. Similarly, IL-10 was
decreased in the LPS group compared to sham group, which was reverted in the HRS-treated group. (D-F)
statistical representation of TNF-α, IL-1β and IL-10 in brain tissues of septic rats showing the same effect
as that of serum (n=6). Data are presented as mean±SD ****p<0.0001, ***p<0.001, **p<0.005, *p<0.05
Note: Hydrogen-rich saline; LPS: Lipopolysaccharide; SAE: Sepsis-associated encephalopathy; TNF-α:
Tumour necrosis factor alpha; IL-1β: Interleukin-1 beta; IL-10: Interleukin 10
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Figure 3

HRS effects in neuronal apoptosis in the cerebral cortex and hippocampus in all groups 48h after LPS
administration (n=5). (A) TUNEL immunoreactive stained sections showed increased neuronal apoptotic
cell death in the LPS group compared to sham group, which was signi�cantly decreased in the HRS-
treated group. Scale bar=50µm. (B, C) Representation of mean number of TUNEL positive cells in the
cerebral cortex and hippocampus. Data are presented as mean±SD ****p<0.0001, ***p<0.001, **p<0.005
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Figure 4

HRS treatment attenuated astrocyte and microglial activation in cerebral cortex and hippocampus of
septic rats 48 h after LPS induction. The photographs present immunohistochemistry staining showing
the number of GFAP(top diagram) and IBA-1 (bottom) Positive cells in each group, respectively (n=6).
Scale bar=50μm. (C, D) Quanti�cation of GFAP and IBA-1positive cells in cerebral cortex and
hippocampus in each group, respectively. All data are presented as mean±SD ****p<0.0001, ***p<0.001,
**p<0.005 Note:HRS: Hydrogen-rich saline; LPS: lipopolysaccharide; GFAP: Glial �brillary acidic protein;
IBA-1: Ionised calcium binding adaptor molecule 1
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Figure 5

HRS treatment attenuated astrocyte and microglial activation in cerebral cortex and hippocampus of
septic rats 48 h after LPS induction. Photographs represent astrocyte and microglial activation showing
immunoreactivity of GFAP (top diagram) and IBA-1(bottom) in cerebral cortex and hippocampus,
respectively. Scale bar= 50μm. (C, D) statistical representation of GFAP and IBA-1 showing the mean
number of immunoreactive cells in cerebral cortex and hippocampus in each group, respectively (n=6). All
data are presented as mean±SD ****p<0.0001, ***p<0.001, **p<0.005  Note: HRS: Hydrogen-rich saline;



Page 27/29

LPS: lipopolysaccharide; GFAP: Glial �brillary acidic protein; IBA-1: Ionised calcium binding adaptor
molecule 1

Figure 6

HRS treatment attenuated mitochondrial dysfunction in septic rats 48h after LPS administration. (A)
Measurement of MMP damage detected by JC-1 dye showing up-regulation of monomer/J-aggregate in
the LPS group (implying increased MMP damage), while HRS treatment showed the reversed effects. (B,
C) ATP content detection in serum and brain tissues of septic rats, depicting decreased ATP content in the
LPS group, respectively; this was reversed in the HRS-treated group. (D) Mitochondrial ROS damage
measured by DCFH-DA showing increased DCF �uorescence label in LPS group compared to sham group,
which was decreased in the HRS-treated group (n=6) All data are presented as mean±SD ****p<0.0001,
***p<0.001, **p<0.005, *p<0.05 Note: HRS: Hydrogen-rich saline; LPS: Lipopolysaccharide; ATP:
Adenosine triphosphate; MMP: mitochondrial membrane potential; DCFH-DA: Dichloro-dihydro-�uorescein
diacetate; ROS: Reactive oxygen species
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Figure 7

HRS treatment attenuated ultrastructural damage of mitochondria in brain tissues of septic rats 48h after
LPS challenge. (A) TEM micrographs indicate number of mitochondria (blue arrowheads) and synapses
(red arrows) in each group, respectively. Scale bar=50μm. (B, C) statistical representation of the mean
number of mitochondria and synapses in all groups (n=5). (D) Graphical representation of mitochondrial
ultrastructure depicting double nuclei membrane disruptions. The arrows showed intact and continuous
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mitochondrial membrane in the sham and HRS-treated groups, which was disrupted in the LPS group.
Upper panels=X4000, lower panels=X15000 magni�cations. All data are presented as mean±SD
****p<0.0001, ***p<0.001, **p<0.005  Note: HRS: hydrogen-rich saline; LPS: Lipopolysaccharide; TEM:
Transmission electron microscope

Figure 8

Effects of HRS treatment on protein expressions in septic rats 48h after LPS challenge. (A)
Representative images of protein expression levels by western blot analysis in each group.  (B-E)
Statistical representation of relative protein expressions of GFAP, IBA-1, BCL-2 and BAX; respectively. All
data are presented as mean±SD ****p<0.0001,  ***p<0.001, **p<0.005, *p<0.05 Note: HRS: Hydrogen-rich
saline; LPS: Lipopolysaccharide; GFAP: Glial �brillary acidic protein; IBA-1: Ionised calcium binding
adaptor molecule 1; BCL-2: B-cell lymphoma 2


