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Abstract

Objective: To investigate the effects of hydrogen therapy on epileptic seizures in rats with
refractory status epilepticus and the underlying mechanisms.

Methods: Status epilepticus was induced using pilocarpine. The effects of hydrogen treatment on
epilepsy severity in model rats were then monitored using Racine scores and electroencepha-
lography (EEG), followed by western blot of plasma membrane N-methyl-D-aspartate receptor
subtype 2B (NR2B) and phosphorylated NR2B expression. We also generated a cellular epilepsy
model using Mg?"-free medium and used polymerase chain reaction to investigate the neuro-
protective effects of hydrogen.

Results: There were no significant differences in Racine scores between the hydrogen and
control groups. EEG amplitudes were lower in the hydrogen treatment group than in the control
group. In epilepsy model rats, hippocampal cell membrane NR2B expression and phosphorylation
increased gradually over time. Although hippocampal cell membrane NR2B expression was not
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significantly different between the two groups, NR2B phosphorylation levels were significantly
lower in the hydrogen group. Hydrogen treatment also increased superoxide dismutase, mito-
chondrial (SOD2) expression.

Conclusions: Hydrogen treatment reduced EEG amplitudes and NR2B phosphorylation; it also
decreased neuronal death by reducing oxidative stress. Hydrogen may thus be a potential treat-
ment for refractory status epilepticus by inhibiting membrane NR2B phosphorylation and oxi-

dative stress.
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Introduction

Most epileptic seizures last less than
Sminutes; however, when seizures last for
more than 5minutes, it becomes difficult
for them to terminate spontaneously, and
the disease can progress to status epilepticus
(SE)."* In 12% to 43% of patients with SE
in intensive care units, the disease progresses
to refractory SE (RSE), and in 10% to 15%
of these patients, the disease further pro-
gresses to super-RSE.® Seizures that last
longer are more harmful to patients.
Sustained epileptiform discharges can cause
inflammation, oxidative stress, and electro-
lyte and acid—base imbalances, thus leading
to neuronal death and varying degrees of
neurological impairment in  patients.
Approximately two-fifths of RSE patients
eventually die of RSE-related complications.
Even when patients survive, serious neuro-
logical deficits—such as refractory epilepsy
or cognitive dysfunction—persist. The cur-
rent aim of SE treatments is to terminate
epileptic seizures as soon as possible via
symptomatic and supportive therapies.
Benzodiazepines are widely used as first-
line agents for the treatment of SE because
of their high safety and case of use.

However, if epileptic seizures continue,
gamma-aminobutyric acid-A  receptors
(GABAARs) in the postsynaptic mem-
branes of hippocampal neurons are inter-
nalized, and the numbers of functionally
active GABAARs in the synaptic membrane
rapidly decrease. This leads to a rapid
decline in the efficacy of benzodiazepines
and phenobarbital drugs, and the subse-
quent development of RSE.*’ By contrast,
persistent seizures can cause the numbers of
functionally active N-methyl-D-aspartate
(NMDA) receptors in the synaptic mem-
brane to gradually increase; thus, drugs
that act on NMDA receptors may be effec-
tive for treating RSE.® Clinically, the
NMDA receptor antagonist ketamine has
shown efficacy in the treatment of
RSE.>!® The use of this treatment should
be based on time-dependent changes in neu-
rotransmission during SE.

Hydrogen can diffuse freely, pass quickly
through the blood-brain barrier and cell
membranes, enter tissues and nerve cells,
and exert unique and selective antioxidant
and anti-inflammatory effects; furthermore,
it has no side effects.'''* When the hydro-
gen concentration in arterial and venous
blood reaches approximately 10 to 20 M,



Jia et al.

it has a good therapeutic effect without any
side effects.'* Moreover, after the supply of
hydrogen is stopped, the blood hydrogen
concentration drops rapidly. In arterial
blood, the hydrogen concentration drops
to 10% of the original concentration after
approximately 6 minutes; in venous blood it
takes slightly longer (approximately 18
minutes).'* Our earlier research revealed
that hydrogen administration enhances the
cognitive abilities of rats with epilepsy, and
suggested that the wunderlying process
involves a hydrogen-induced decrease in
necroptosis in  hippocampal neurons.
Nonetheless, the potential therapeutic
impact of hydrogen on RSE remains uncer-
tain. Several studies have reported that
hydrogen can regulate the function of
NMDA receptors by regulating membrane
transport of the NMDA receptor subtype
2B (NR2B) subunit, thereby reducing
nerve excitability.'>"!” These results suggest
that hydrogen is a potential new treatment
for RSE. To date, however, there are no
detailed reports of the use of hydrogen to
treat RSE.

In the present study, we aimed to inves-
tigate the therapeutic effects of hydrogen in
RSE and their possible mechanisms. First,
we screened an appropriate animal model
of RSE. Second, we observed whether
hydrogen had therapeutic effects on epilep-
tic seizures in RSE and undertook a prelim-
inarily exploration of their mechanisms.
Finally, we investigated the therapeutic
effects of hydrogen on RSE-induced neuro-
nal death and the possible underlying mech-
anisms in a cellular model of epilepsy.

Materials and methods

In vivo experiments

Electrode implantation. All electrodes and fix-
ation nuts were placed in 75% ethanol solu-
tion for later use. The rats were anesthetized
by intraperitoneal administration of 2%

pentobarbital. After anesthesia, the head of
each rat was shaved, and the rat was subse-
quently transferred to a stereotactic system.
An ear rod was inserted into the external
auditory canal of the rat and fixed; this
was followed by the insertion of another
ear rod into the other ear canal. Bilateral
ear rod symmetry was necessary to ensure
that the rat head was maintained in the mid-
line position. The ear rod was then fixed into
place, and the height was adjusted so that
the skull was in a horizontal position.
Next, the skin of the head was disinfected
with 75% alcohol. The skin was lifted with
tweezers, and the skin and muscle fascia of
the head were cut along the midline to fully
expose the operation site, which was repeat-
edly scrubbed with 3% hydrogen peroxide.
The position of the electrode was determined
according to Paxinos and Watson’s stereo-
tactic atlas.'® After localization, the left and
right positioning points were marked (hippo-
campal recording electrode site: anterior/
posterior: —3.20mm, lateral/medial:
1.80 mm, dorsal/ventral: 3.0 mm, bilaterally
symmetrical). The skull was then carefully
opened with a dental drill, and the dura
mater was gently torn with a needle.
Subsequently, a minor channel was created
where the binocular connection line inter-
sected with the midline of the skull, to
insert the skull reference electrode. A fixa-
tion nut was placed on the bare skull surface
external to the electrode implantation site,
and the electrode was then placed. Initial
fixation was performed with 502 glue, and
refixation was performed with dental
cement. To prevent brain damage, we
ensured that the nuts were not installed too
deep. Each rat was then placed on a
constant-temperature blanket to maintain
warmth, and was returned to the cage for
normal feeding after they had fully awak-
ened. After electrode placement, the rats
were maintained for 1 week to recover.
During the experiment, the rats were kept
in an environment free of pathogens and had
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access to food and water at all times. They
were maintained on a 12-hour light/dark
cycle at a temperature of 20°C to 22°C. All
animal experiments were performed in
accordance with the National Institutes of
Health (NIH) guidelines for using experi-
mental animals, and were approved by the
Xijing Hospital of Fourth Military Medical
University’s Animal Experiment
Administration Committee (XJ-20220432).
All methods are reported in accordance
with the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) 2.0
guidelines for animal studies.

Electroencephalography (EEG) recordings and
behavioral analyses. After electrode implanta-
tion and 1 week of recovery, the RSE model
was established, and EEGs were recorded.
After the experiments, another researcher
transformed and analyzed the data from
each group using MATLAB (MathWorks,
Natick, MA, USA) in accordance with the
principles of double blinding. Each rat
received an intraperitoneal injection of lith-
ium chloride (180 mg/kg). At 18 to 20 hours
after the injection of lithium chloride, an
intraperitoneal injection of pilocarpine
(30 mg/kg) was administered, and the head
electrode was connected to the recording
wire. The EEG and video monitoring
equipment were then turned on. The behav-
ioral performance of each rat was observed
and evaluated using the Racine scale. The
seizures of rats in each group were closely
observed; if seizures did not occur within
30 minutes, pilocarpine was injected intra-
peritoneally again (at half the initial dose),
followed by 30 minutes of observation. If
seizures did not occur, the model establish-
ment was considered to have failed.
Alternatively, if a grade V seizure was
observed for 10 minutes, an intraperitoneal
injection of diazepam (10mg/kg) was
administered, and changes in EEG signals
and behavior were observed. If the seizure
was unable to be terminated, the RSE

model was considered to have been estab-
lished successfully.

Next, to study the therapeutic effects of
different doses of hydrogen on the RSE
model, we used hydrogen-rich saline
(HRS). Rats in the RSE+HRS group
were treated intraperitoneally with different
doses of HRS, whereas rats in the
RSE +saline group were given a corre-
sponding dose of normal saline 5minutes
after receiving diazepam (10mg/kg). The
EEG recording parameters were as follows:
30mmy/s, 2mm=>50V. The EEG recording
started Sminutes before the pilocarpine
intraperitoneal injection and continued for
60 minutes of observation. The EEG data
were processed using MATLAB software
and analyzed via two different methods.
We defined SE using the following EEG
data: frequency > 5 Hz, duration >30s, and
amplitude > 3 times the baseline amplitude.

Western blot. After hippocampal extraction,
plasma membrane protein was isolated using
a Minute Plasma Membrane Protein
Isolation and Cell Fractionation Kit (SM-
005-4; Invent  Biotechnologies, Inc.,
Plymouth, MN, USA). Equal amounts of
protein samples were separated via sodium
dodecyl sulfate—polyacrylamide gel electro-
phoresis and subsequently transferred to
polyvinylidene fluoride membranes
(ISEQ00010; Millipore, Billerica, MA,
USA). After being blocked for 1 hour, the
membranes were incubated overnight at 4°C
with the appropriate primary antibodies—
NR2B (ab28373, 1:500; Abcam,
Cambridge, UK), phosphorylated (p)-
NR2B (ab81271, 1:300; Abcam), and glycer-
aldehyde 3-phosphate  dehydrogenase
(GAPDH; CWO0100 M, 1:2000; CoWin
Biosciences, Taizhou, China)—followed by
a 2-hour incubation at room temperature
with secondary antibodies (goat anti-rabbit
IgG, CWO0103S, and goat anti-mouse IgG,
CWO0102S; both CoWin Biosciences).
Immobilon Western Chemiluminescent



Jia et al.

HRP Substrate (P0018 M; Beyotime
Biotechnology, Shanghai, China) was used
to detect the bound antibodies. ImageJ soft-
ware (NIH, Bethesda, MD, USA) was used
to quantify band intensities. The NR2B and
p-NR2B band intensities were normalized to
the band intensity of GAPDH, which was
used as a loading control.

In vitro experiments

Primary rat hippocampal neuronal cultures.
Animals were purchased from the Animal
Center of the Fourth Military Medical
University. All experiments were performed
on mixed primary hippocampal neuronal
cultures that were prepared as described pre-
viously, with slight modifications." First,
hippocampal neurons were isolated from
embryonic day 18 Sprague Dawley rat
brains. The embryos were transferred and
euthanized by decapitation in ice-cold dissec-
tion medium composed of Hank’s buffered
salt solution. The cells were then seeded in
Falcon 35-mm cell culture dishes or on poly-
I-lysine-coated glass coverslips (0.05 mg/mL).
The hippocampal cells were maintained at
37°C in an atmosphere of 5% CO,/95% air
and cultured in neurobasal medium supple-
mented with 2% B27, 0.5mM I-glutamine,
100 units/mL penicillin, and 100 g/mL strep-
tomycin. The cells were maintained for 5
days before further analysis.

Mg free condition. For the Mg*"-free con-
dition, we prepared physiological bath
recording solution (pBRS) without MgCl,
(low Mg®>"), which was composed of (in
mM): 145 NaCl, 2.5 KCl, 10 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid
(HEPES), 2 CaCl,, 0.002 glycine, and 10 glu-
cose. The solution had a pH of 7.3, and the
osmolarity was adjusted to 315 to 325 mOsm
using sucrose. The neuronal cells were incu-
bated with the solution for 2.5hours to
induce high-frequency epileptiform bursts
(SE-like electrographic activity). The high-

frequency epileptiform bursts continued
until pBRS containing 1 mM MgCl, was
added to the culture. The pBRS without
MgCl, was used for the low-Mg”" treatment
condition, and controls were treated with
pBRS containing | mM MgCl,.

Real-time fluorescence quantitative polymerase
chain reaction (PCR). Real-time fluorescence
quantitative PCR was used to measure the
mRNA expression of mixed lineage kinase
domain-like protein (MLKL), caspase-3,
and apoptosis regulator Bcl-2 at 3, 6, and
12hours after treatment with Mg -free
extracellular fluid. A real-time fluorescence
quantitative kit was used (Takara Bio,
Kusatsu, Japan) according to the manufac-
turer’s instructions. The primers used are
displayed in Table 1.

Statistical analysis

Data were analyzed using IBM SPSS
Statistics for Windows, version 20.0 (IBM
Corp., Armonk, NY, USA), and all exper-
imental results are displayed as the mean +
standard error. All experiments were
repeated  three  independent  times.
Student’s z-test was used to determine dif-
ferences between two groups of data,
whereas one-way analysis of variance
(ANOVA) was used to compare data
among multiple groups. Repeated measure-
ments were tested using two-way ANOVA.
For all tests, P<0.05 was considered to
indicate a significant difference.

Results

Benzodiazepine-resistant SE model

In the lithium-pilocarpine epilepsy model,
previous findings suggest that when the sei-
zure severity of an experimental animal
reaches or exceeds grade V and lasts for
10 minutes, the animal begins to become
resistant to diazepam and develops RSE.*°
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Table I. Primers used in the polymerase chain reaction experiments

Gene Forward (5'-3) Reverse (5'-3)
Beta actin (Actb) CATCCGTAAAGACCTCTATGC ATGGAGCCACCGATCCACA
CAAC
Apoptosis regulator Bcl-2 GCTACCGTCGTGACTTCGC CCCCACCGAACTCAAA
(Bcl2) GAAGG
Caspase-3 (Casp3) CTGCCGGAGTCTGACTGGAA ATCAGTCCCACTGTCTGT
CTCAATG

Superoxide dismutase,
mitochondrial (Sod2)

CAGACCTGCCTTACGACTATGG

CTCGGTGGCGTTGAGATTGTT

Mixed lineage kinase AATTGTACTCTGGGAAATTGCCA AAAGACTCCTACCGTCCACAG
domain-like protein (Mlk/)
(@ (b)
5]
-2
oy 3
b
3 2
&
1
0

The first grade V seizure Diazepam

0 5 10 15 20 25 30
Time after the first grade V seizure (min)

Figure I. Epileptic seizures reached grade V and remained responsive to benzodiazepines after 10 minutes.
(a) Diazepam was given |0 minutes after the behavioral score reached or exceeded grade V, and the
amplitude of the electroencephalography signal decreased; however, the seizure was not terminated (n = 10)
and (b) behavioral scores of the model rats decreased after treatment (n= 10).

On the basis of these findings, in the rat
pilocarpine epilepsy model, we adminis-
tered diazepam after the severity of epileptic
seizures reached grade V, and maintained
the dose for 10minutes. To determine
whether this model is appropriate for
basic research on RSE, we then observed
the therapeutic effects of benzodiazepines
through behavioral tests and EEG. SE
began to appear in rats approximately
18 £ 5.6 minutes after pilocarpine adminis-
tration (n=10). At 10 minutes after diaze-
pam treatment, although EEG seizure
intensity decreased and behavior improved,
epileptic seizures were not effectively termi-
nated (Figure 1). We therefore believe that

this model can be used to simulate RSE for
basic research.

HRS treatment reduces the intensity of
EEG attacks in RSE rats

After the model was successfully established,
the animals were randomly divided into four
groups (n=6 per group). Animals in each
group were treated with different doses of
HRS (5, 10, 20, or 30 mL/kg) and observed.
HRS at doses of 10mL/kg and under pro-
duced therapeutic effects but did not reduce
the amplitudes of EEG waveforms in rats
(Figure 2a, b); however, HRS at doses of
20and 30mL/kg had similar therapeutic
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2
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Figure 2. Effects of different doses of hydrogen-rich saline (HRS) on electroencephalography (EEG) attack
intensity in refractory status epilepticus (RSE) model rats. (a, b) After diazepam treatment, the EEG
amplitude decreased, but the attack was not terminated. Treatment with 5 or 10 mL/kg HRS had no clear
effect on EEG amplitude in rats (n=6) and (c, d) treatment with HRS at 20 and 30 mL/kg further reduced
EEG amplitude in rats after diazepam treatment (n=6).

effects and were able to reduce EEG wave-
form amplitudes (P < 0.05) (Figure 2c, d).
Next, we studied the therapeutic effects
of HRS in more detail. At a dose of 30 mL/
kg, the amount of liquid that needed to be
injected intraperitoneally was high, which
may affect the behavior of the RSE rats.
We therefore selected 20 mL/kg as the ther-
apeutic HRS dose. Over time, the intensity
of EEG seizures began to increase in the
rats (P < 0.05) (Figure 3). When the epilep-
tic seizures reached intractable SE and the
rats were treated with diazepam (10 mg/kg)
for 10minutes, both the EEG amplitude
and power began to decrease. After the
intraperitoneal injection of HRS, the EEG
amplitude and power decreased further; this
was followed by a loss of efficacy and a
gradual increase in EEG amplitude and
power (all P <0.05). In the saline control
group, the EEG amplitude and power did
not change significantly after the saline
injection but gradually increased over time.

HRS treatment does not improve the
behavior of RSE rats

We further observed the behavioral effects
of HRS treatment in rats. Pilocarpine was

injected intraperitoneally to induce epileptic
seizures. When the severity reached grade V
for 10 minutes, diazepam was injected intra-
peritoneally  for intervention.  After
Sminutes, the animals were treated with
the same dose of either HRS or normal
saline, and behavioral changes were scored
in the two groups of rats using the Racine
scale to evaluate epilepsy severity at various
time points after treatment intervention.
Although SE was not terminated after
treatment, the behavioral scores decreased
to approximately 2 points in both groups of
rats. Subsequently, the behavioral scores of
the rats in both groups gradually increased
over time (P < 0.05). There were no signifi-

cant differences in behavioral scores
between the HRS and saline groups
(Figure 4).

HRS treatment reduces NR2B
phosphorylation on the cell membrane

To assess the therapeutic effects of HRS in
RSE rats, we focused on the NR2B subunit,
which is a functional regulatory subunit of
the NMDA receptor.'>!® The NR2B subu-
nit has multiple phosphorylation regulatory
sites that can regulate the functional state of
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Figure 3. Therapeutic effects of hydrogen-rich saline (HRS) on electroencephalography (EEG) amplitudes
in refractory status epilepticus (RSE) model rats. (a) Saline treatment had no effects on EEG amplitude, and
the EEG attack intensity gradually increased over time (n = 6) and (b) Rats were treated with 20 mL/kg HRS
during continuous EEG recording. After HRS treatment, EEG attack intensity decreased before again

increasing over time (n=6).

receptor channels, including receptor trans-
port and expression. When the NR2B sub-
unit is phosphorylated, the NMDA
receptor-mediated current is enhanced. In
the present study, we therefore treated
RSE rats with HRS and observed changes
in NR2B expression on hippocampal cell
membranes. Hippocampal cell membrane
NR2B expression gradually increased over
time after RSE, and the levels of NR2B
expression at 10, 15, and 30 minutes after
RSE were greater than those in the control
group (all P<0.05) (Figure 5a, b). There
were no significant differences in membrane
NR2B expression at any time point between
the RSE +saline and RSE + HRS groups
(Figure 5c, d).!>1

We further studied NR2B phosphoryla-
tion on the hippocampal cell membrane; the
levels of p-NR2B also gradually increased
over time (P <0.05). Compared with the
control group, p-NR2B levels were higher
at 10, 15, and 30minutes after RSE (all
P <0.05) (Figure 6a, b). Additionally, p-
NR2B levels were significantly lower in
the RSE-+HRS group than in the
RSE + saline group (P <0.05) (Figure 6c,
d). These results indicate that HRS can reg-
ulate the phosphorylation of NR2B. It has
been reported that a decrease in NR2B
phosphorylation can inhibit NMDA
receptor function and reduce nerve excit-
ability. 2'>* However, further experiments
are needed to determine whether hydrogen
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Figure 4. Effects of hydrogen-rich saline (HRS) treatment on the behavioral scores of refractory status
epilepticus (RSE) model rats. Diazepam was given |0 minutes after RSE, and was followed by HRS or normal
saline for |5 minutes. Although Racine scores did not differ between the two groups at any time point, the
scores of both groups decreased after diazepam treatment before gradually increasing over time (n=6).
Data are shown as the mean =+ standard error.
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Figure 5. Effects of hydrogen-rich saline (HRS) treatment on hippocampal cell membrane N-methyl-D-
aspartate receptor subtype 2B (NR2B) expression. (a) Membrane NR2B expression was measured by
western blot at different time points after refractory status epilepticus (RSE) induction (n=3). (c)
Membrane NR2B expression at different time points after RSE induction in the RSE + saline and RSE + HRS
groups and (b, d) relative protein levels in each group (n=3). Data are displayed as the mean = standard
error, *P < 0.05.
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Figure 6. Effects of hydrogen-rich saline (HRS) treatment on hippocampal cell membrane N-methyl-D-
aspartate receptor subtype 2B (NR2B) phosphorylation. (a) NR2B phosphorylation was measured by western
blot at different time points after refractory status epilepticus (RSE) induction (n= 3). (c) NR2B phosphory-
lation in the RSE + saline and RSE + HRS groups at different time points after RSE induction and (b, d) relative
protein levels in each group (n=3). Data are displayed as the mean =+ standard error, *P < 0.05.

regulates NMDA  receptor function
through this pathway and subsequently
produces a therapeutic effect on RSE in
rats.

HRS treatment reduces oxidative stress in
the SE model

To further explore the protective effects of
HRS on hippocampal apoptosis and nec-
roptosis in rats with RSE, we used primary
neuronal cultures to establish an SE model
and studied the related mechanisms in vitro.
First, we used real-time fluorescence quan-
titative PCR to measure the mRNA expres-
sion of MLKL, caspase-3, and Bcl-2 at 3, 6,
and 12hours after treatment. Three hours
after the neurons were treated with
magnesium-free extracellular fluid to estab-
lish the SE model, caspase-3, MLKL, and
Bcl-2 mRNA expression levels did not

differ from those in the control group
(treated with normal extracellular fluid)
(Figure 7). At 6 hours after SE model estab-
lishment, caspase-3, MLKL, and Bcl-2
mRNA expression levels peaked in the
cells (Figure 7b, c, d); these levels were sig-
nificantly greater than those in the control
group (all P<0.05). At 12hours after SE
model establishment, caspase-3, MLKL,
and Bcl-2 mRNA expression levels were sig-
nificantly lower than those at 6 hours but
remained higher than those in the normal
control group (all P<0.05). In addition,
the number of surviving neurons in each
group at the 24-hour time point supported
the PCR results. The SE group had the
fewest surviving neurons, and HRS treat-
ment partially increased the number of sur-
viving neurons (Figure 7a, e).

The aforementioned results indicate that
the in vitro SE model partly imitates the cell
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Figure 7. Effects of hydrogen-rich saline (HRS) treatment on the death of primary neurons cultured in
magnesium-deficient medium. (a) Survival of neurons in each group 24 hours after status epilepticus (SE)
model induction. (b, c, d) Real-time fluorescence quantitative polymerase chain reaction was used to detect
the mRNA expression of caspase-3, mixed lineage kinase domain-like protein (MLKL), and apoptosis reg-
ulator Bcl-2; expression peaked at 6 hours and was greater at 6 and 12 hours after SE model induction
compared with the control group and (e) the number of surviving neurons in each group in one field of view
(200x) 24 hours after SE model induction. Data are displayed as the mean + standard error, *P < 0.05.

damage observed in vivo. We therefore
explored the therapeutic mechanisms of
HRS using this model. On the basis of the
results of the previous experiment, we chose
6 hours after SE for all subsequent investi-
gations. Changes in Bcl-2 and superoxide

dismutase, mitochondrial (SOD2) expres-
sion in response to HRS treatment were
detected using real-time fluorescence quan-
titative PCR. The mRNA expression of Bcl-
2 was higher in the SE + saline group than
in the control group, and HRS treatment
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Figure 8. Effect of hydrogen-rich saline (HRS) treatment on apoptosis regulator Bcl-2 and superoxide
dismutase, mitochondrial (SOD?2) expression in cultured neurons. (a) Bcl-2 mRNA expression in each group
was measured 6 hours after status epilepticus (SE) model induction and (b) effects of HRS treatment on
SOD2 mRNA expression 6 hours after SE model induction. Data are displayed as the mean = standard error,

*P < 0.05.

significantly increased Bcl-2 expression (all
P <0.05) (Figure 8a). However, the mRNA
expression of SOD2—an important antiox-
idative stress enzyme in vivo—was signifi-
cantly lower in the SE + saline group than
in the other three groups, including the
SE+HRS group (all P<0.05) (Figure
8b); this finding suggests that HRS may
reduce oxidative stress by increasing
SOD2 expression.

Discussion

With the continuation of epileptic seizures,
the therapeutic effects of drugs—especially
benzodiazepines—gradually decrease; this
highlights the potential value of glutamate
receptor antagonists in the treatment of
RSE. In particular, therapies targeting
NMDA receptors may be an option for
improving the current situation of epilepsy
treatment. In the present study, HRS treat-
ment did not improve the behavioral per-
formance of RSE rats, but did reduce
EEG amplitude. In addition, HRS treat-
ment regulated the phosphorylation of the
NR2B subunit of NMDA receptors, sug-
gesting that the therapeutic effects of HRS
may be mediated through this pathway.

At present, RSE treatments do not effec-
tively reduce the mortality rate or improve
prognosis. There is therefore an urgent need
to screen suitable RSE animal models for
further study. After carefully analyzing var-
ious existing epilepsy animal models, we
noted that the lithium-pilocarpine model is
resistant to benzodiazepines after the
behavioral score is maintained at grade V
for 10 minutes;? this model thus has poten-
tial as a benzodiazepine-resistant RSE
animal model. We evaluated the model in
detail using behavioral and EEG data.
When a seizure severity of grade V was sus-
tained for 10 minutes, we administered an
intraperitoneal injection of diazepam
(10mg/kg) to the rats. Although diazepam
did not terminate the seizures, both Racine
scores and EEG amplitudes were reduced.
Together, these findings suggest that these
model rats are resistant to benzodiazepines
at this time. We therefore used this model
to observe the therapeutic effects of
hydrogen.

There is currently no doubt that hydro-
gen can be used to treat or prevent various
diseases. For example, Ohsawa et al. first
reported that hydrogen can significantly
reduce oxidative stress and  exert
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neuroprotective effects in an inhalation-
induced rat model of focal cerebral ische-
mia-reperfusion injury.'" Further studies
later confirmed the therapeutic effects of
hydrogen on cerebral ischemia through
multiple injections of HRS.*** Ogawa
et al. and Xu et al. reported that one suffi-
cient dose of HRS can be used to treat hear-
ing loss caused by ischemia and carbon
monoxide-related  toxic  encephalopa-
thy.?*?’” In addition, orally administered
hydrogen-rich water may also have benefi-
cial effects in patients with Parkinson’s dis-
ease or hepatitis B.?** Together, these
results indicate that hydrogen can exert
therapeutic effects when administered at
various doses and for various durations
via various routes,''2427-29731

In the current study, after comprehensive
consideration, we chose an intraperitoneal
injection of HRS as the most feasible
method of administering hydrogen to
study the effects of HRS on seizures in
RSE rats. We first screened therapeutic
doses and found that HRS at both 20 and
30mL/kg was able to reduce EEG ampli-
tudes in RSE rats. Given that a dose of
30mL/kg requires additional HRS to be
injected without a substantial increase in
efficacy, 20 mL/kg was ultimately selected
as the optimal therapeutic dose. We subse-
quently conducted a further study on the
therapeutic effects of HRS and found that
EEG amplitudes in model rats decreased
after HRS treatment and then increased
again over time. This finding is consistent
with the results reported by Ono et al.'"* In
addition, our Dbehavioral observations
revealed no significant differences in behav-
ioral performance between RSE rats after
HRS treatment and rats in the normal
group after saline treatment. This finding
suggests that the therapeutic effects of
HRS may not be sufficient to improve the
behavioral performance of model rats.'

There is an important transition process
in epilepsy from a seizure state to a post-

seizure state. The failure of this mechanism
to terminate epilepsy leads to a prolonged
seizure duration, which is partly the result
of reduced drug efficacy caused by
GABA 4R internalization. The internaliza-
tion of GABAAR on the synaptic mem-
brane can lead to tolerance to
benzodiazepines during SE in model rats,
whereas the aggregation of NMDA recep-
tors on the membrane gradually increases
the efficacy of NMDA receptor antagonists
and other NMDA receptor-targeting drugs
in SE. In the electroconvulsive model,
administration of a GABA sR-positive allo-
steric agent 15 minutes after the seizure can
control 66% of seizures in rats, but at 1
hour it can control only 25% of seizures.*
In contrast, blocking NMDA receptors
with MK-801 or ketamine can quickly ter-
minate seizures.”> In addition, acute
changes in other receptors caused by epilep-
tic seizures also promote the persistence of
epileptic seizures; for example, decreased
presynaptic adenosine Al receptor expres-
sion and loss of the a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA)
receptor GIluA2 subunit.’****> AMPA
receptors lacking the GluA2 subunit exhibit
calcium permeability, which can lead to cal-
cium overload and eventually neuronal
death. These results suggest that drugs
targeting NMDA receptors may offer
new possibilities for the treatment of
RSE 203235

Hydrogen has many known functions,
including anti-inflammatory, antiapoptotic,
and antiallergic functions, and can promote
energy metabolism.'! However, attributing
the therapeutic effects of hydrogen only to
well-known antioxidant functions is unrea-
sonable because the antioxidant effect of
hydrogen is less than 1/100 of that of vita-
mins C and E;*® more importantly, hydro-
gen molecules can directly regulate the
function of NMDA through NR2B to
play a therapeutic role. We therefore won-
dered: can HRS also regulate NR2B?



14

Journal of International Medical Research

To further explore the effects of HRS on
NR2B, we observed the levels of NR2B
expression and phosphorylation on the hip-
pocampal cell membrane. Hippocampal cell
membrane NR2B expression gradually
increased after epilepsy, which is consistent
with the results of previous research.’’ *!
After HRS treatment, hippocampal cell
membrane NR2B expression was not signif-
icantly different between rats in the treat-
ment and control groups, suggesting that
HRS treatment cannot change the patho-
logical process of NR2B aggregation on
the hippocampal cell membrane during
SE. Therefore, HRS does not affect NR2B
expression on the hippocampal cell mem-
brane in RSE. Furthermore, we observed
changes in NR2B phosphorylation levels
on the hippocampal cell membrane; these
levels gradually increased over time after
epilepsy but were reduced by HRS.
Together, these results suggest that HRS
may play a therapeutic role by affecting
NMDA function via reduced phosphorylat-
ed NR2B levels; however, this hypothesis
requires further confirmation.

The preset findings indicate that hydro-
gen can reduce EEG intensity in RSE rats.
Moreover, the functions of hydrogen in
resisting oxidative stress and reducing
inflammation cannot be ignored. As such,
can the decreases in EEG intensity and the
antioxidative stress and anti-inflammatory
effects resulting from HRS treatment
reduce the degree of neuronal death
caused by RSE? To detect the effects of
HRS on the expression of antioxidant
enzymes and antiapoptotic molecules in
primary cultured neurons, we simulated
pathological changes in vivo using a
magnesium-free cell model. HRS increased
both SOD2 and Bcl-2 expression, which
suggests that HRS can play a therapeutic
role by increasing antioxidant enzyme
expression and subsequently reducing the
oxidative stress damage induced by RSE.

In clinical research, benzodiazepines are
first-line drugs for the treatment of epilepsy.
Benzodiazepines are very effective at termi-
nating early seizures; however, over time,
the ability of these drugs to terminate seiz-
ures gradually decreases.”** In some animal
models, NMDA receptor antagonists alone
cannot terminate benzodiazepine-resistant
seizures. Nonetheless, when these drugs
are used in combination with benzodiaze-
pines, seizures can be terminated.** *> This
indicates that NMDA receptor antagonists
and benzodiazepines have synergistic
effects. Hydrogen, which can directly act
on NMDA receptors, may therefore play
an increasingly important role in RSE treat-
ment in the future because of its excellent
characteristics.

The present findings indicate that hydro-
gen may reduce seizure intensity in RSE
model rats by acting on NMDA receptors,
and may also exert neuroprotective effects
via antioxidative stress effects and reducing
inflammation, among other mechanisms.
However, there are some limitations to
our study. For example, we did not analyze
the specific pathways involved in oxidative
stress that result in cell death, and we did
not evaluate how NMDA receptors might
decrease seizure intensity. Further explora-
tion of the underlying mechanisms is there-
fore needed.

Conclusions

Hydrogen may reduce seizure intensity in
RSE model rats by acting on NMDA recep-
tors. It may also exert neuroprotective
effects by reducing oxidative stress and
inflammation, among other mechanisms.
Hydrogen is advantageous because it is
safe and can easily diffuse across the
blood-brain barrier; it may thus be used
in combination with benzodiazepines to
treat SE in the future to improve patient
prognosis.
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