Original Article

Advance Publication

Maternal molecular hydrogen administration
on lipopolysaccharide-induced mouse fetal brain

injury

Tomoko Nakano,’ Tomomi Kotani,"* Yukio Mano," Hiroyuki Tsuda,' Kenji Imai," Takafumi Ushida,' Hua Li,’
Rika Miki,? Seiji Sumigama,’ Yoshiaki Sato,? Akira lwase," Akihiro Hirakawa,* Masato Asai,® Shinya Toyokuni,®

and Fumitaka Kikkawa'

'Department of Obstetrics and Gynecology, 2Bio-database Institute of Reproductive and Developmental Medicine, “Biostatistics Section, Center for Advanced
Medicine and Clinical Research Cancer, *Department of Pathology and ®Pathology and Biological Responses, Nagoya University Graduate School of Medicine,

65 Tsurumai-cho, Showa-ku, Nagoya 466-8550, Japan

3Division of Neonatology, Center for Maternal-Neonatal Care, Nagoya University Hospital, 65 Tsurumai-cho, Showa-ku, Nagoya 466-8560, Japan

(Received 4 August, 2015; Accepted 11 August, 2015)

Fetal brain injury is often related to prenatal inflammation; how-
ever, there is a lack of effective therapy. Recently, molecular
hydrogen (H,), a specific antioxidant to hydroxyl radical and per-
oxynitrite, has been reported to have anti-inflammatory pro-
perties. The aim of this study was to investigate whether
maternal H, administration could protect the fetal brain against
inflammation. Pregnant C3H/HeN mice received an intraperitoneal
injection of lipopolysaccharide (LPS) on gestational day 15.5 and
were provided with H, water for 24 h prior to LPS injection. Pup
brain samples were collected on gestational day 16.5, and the
levels of apoptosis and oxidative damage were evaluated using
immunohistochemistry. Interleukin-6 (IL-6) levels were examined
using real-time PCR. The levels of apoptosis and oxidative damage,
as well as the levels of IL-6 mRNA, increased significantly when
the mother was injected with LPS than that in the control group.
However, these levels were significantly reduced when H, was
administered prior to the LPS-injection. Our results suggest that
LPS-induced apoptosis, oxidative damage and inflammation in the
fetal brain were ameliorated by maternal H, administration. Ante-
natal H, administration might protect the premature brain against
maternal inflammation.
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orldwide, the number of preterm birth is increasing.
Currently, up to 11.1% of all infants are born prematurely.V
Although the survival rates of these infants continuous to improve,
the frequency of morbidities including brain injury remains high.®
Perinatal brain injury can result in neonatal mortality or a long-
term neurologic disability,® and the total number of children with
lifelong health problems rises in developed countries.® Therefore,
it is imperative to develop new strategies that can aid in reducing
the number of premature births and perinatal brain injury. The
poor prognosis has been reported to be related with prenatal
exposure to inflammation.*> Accumulating evidence suggests
that elevation of interleukin-6 (IL-6) in the amniotic fluid is a
marker of chorioamnionitis and indicates a poor prognosis for
neonates.® Intrauterine infection or inflammation also causes
preterm birth"” and prematurity is a causative factor of neonatal
brain injury.('"V These data suggest that prenatal administration
of anti-inflammatory agents could be an effective therapeutic
approach.®
Molecular hydrogen (H,) is a specific scavenger of hydroxyl
radicals and peroxynitrite, and has been used as an innovated
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therapy in adult brain injury.>'» Several studies have reported
the therapeutic effects of H, in oxidative stress-related diseases,
including Parkinson’s disease, and Diabetes Mellitus.'> Several
clinical trials with H, have been initiated and so far, no side
effects have been reported ' Recently, we found that maternal
administration of H, affects fetal cerebral damage in an ischemia-
reperfusion model.'® We demonstrated that maternal administra-
tion of H, increased H, concentrations in the fetal brain, which
resulted in the reduction of oxidative damage and apoptosis in
the hippocampus.'9

From these findings, we hypothesized that maternal administra-
tion of H, might also be effective at reducing fetal brain damage
caused by intrauterine inflammation. Thus, we investigated the
effects of maternal H, administration on the fetal mouse brain by
evaluating apoptosis, oxidative stress, and the level of IL-6.

Materials and Methods

Animals and treatments. The experimental procedures in
this study were approved by the Animal experiment Committee of
the Nagoya University Graduate School of Medicine (approval
number: 25096). C3H/HeN mouse were purchased from Charles
River Laboratories (Yokohama, Japan) and housed in plastic
cages. All mice were maintained on a 12 h light/12 h dark lighting
schedule (lights on at 9:00 am, off at 9:00 pm), and subjected to a
standard chow diet (CE-2) and water ad libitum. As previously
reported, virgin female mice were mated with fertile males of the
same strain.!'” The timing of pregnancy was determined by visual
inspection of the vaginal plug, which was defined as day 0.5 of
pregnancy.'” Normal term labor occurs on day 19.5 of gestation
(G19.5), under our animal facility conditions. Approximately
50%-saturated hydrogen water (H, water) was a kind gift from
Blue Mercury, Inc. (Tokyo, Japan). The H, water was exchanged
every 24 h to maintain the concentration above 0.4 mM, as pre-
viously reported.'® The mice were assigned randomly to three
groups: a control group that was intraperitoneally (i.p.) injected
with vehicle (0.5 ml of sterile PBS) on G15.5, a lipopoly-
saccharide (LPS) group receiving 5 pug of LPS (Escherichia coli
LPS, serotype 055:B5; Sigma-Aldrich Japan, Tokyo, Japan) in
0.5 ml of sterile PBS by i.p. on G15.5, and an H, water + LPS
group, that in addition to the LPS i.p. injection on G15.5, received
H, water, starting from one day prior to LPS i.p. (on G14.5), until
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the end of the experiment (day 16.5 of pregnancy).

Twenty-four hours after LPS or PBS i.p. (on G16.5), the brain
tissue from the fetuses were collected (» = 10 for each group).

Measurement of IL-6 in amniotic fluid. The amniotic fluid
from all sacs in a mother (6 mothers for each group) were aspirated
by syringe and assembled on G16.5. IL-6 levels were was mea-
sured by ELISA (Quantikine® ELISA, M6000B; R&D Systems,
Minneapolis, MN) according to the manufacturer’s instructions.
The experiments were performed in duplicate.

Quantitative real time polymerase chain reaction (qRT-
PCR). The fetal brains collected on G16.5 were grinded using a
Power Masher (Nippi, Tokyo, Japan) and total RNA was isolated
using the RNeasy Mini Kit (Qiagen Inc., Tokyo, Japan) following
the manufacturer’s directions. Complementary DNAs were pre-
pared with a first strand cDNA synthesis kit (Rever Tra Ace-a.;
Toyobo Co., Ltd, Osaka, Japan), according to the manufacturer’s
directions using a MyCycler™ thermal cycler (BIORAD, Hercules,
CA). Subsequently, qRT-PCR was performed using the Thermal
Cycler Dice (Takara Bio Inc., Tokyo, Japan) and SYBR II Premix
Ex Taq (Takara Bio Inc.) according to the manufacturer’s direc-
tions. Data were normalized based on the expression of the house-
keeping gene beta-actin. The primer sequences (NIPPON EGT
CO., LTD., Toyama, Japan) were as follows: mouse [-actin
forward: 5'-CGTGGGCCGCCCTAGGCACCA-3' and reverse: 5'-
ACACGCAGCTCATTGTA-3'"; mouse IL-6 forward: 5'-ACAAC-
CACGGCCTTCCCTAC-3' and reverse: 5-TCCACGATTTCCC-
AGAGAACA-3".

Immunohistochemistry. Immunohistochemistry was per-
formed as previously reported.!'® Briefly, formalin-fixed, par-
affin-embedded tissue sections were cut at a thickness of 4 pm.
For heat-induced epitope retrieval, deparaffinized sections placed
in 1 mM citrate buffer (pH 6.0) were heated for 20 min each at
90°C and 750 W using an H2500 microwave oven. Staining was
performed using Vector® M.O.M™ Immunodectection Kit Basic
(Vector Laboratories, Inc., Burlingame, CA) to detect specifically
to localize mouse primary antibodies on mouse tissues, and
VECTASTAIN Elite ABC Reagent (Vector Laboratories, Inc.) for
chromogenic detection, based on the manufacturer’s instructions.
Anti-mouse monoclonal antibody against 8-oxo0-7,8-dihydro-2'-
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Fig. 1. IL-6 proteins in the amniotic fluid. The results are expressed as

the means + SEM (n = 6). IL-6 in the amitotic fluid showed a tendency to
decrease in the H, water + LPS group compared with that observed in
the LPS group. The p values were calculated according to the Student’s
t test (Cont vs LPS) and the Mann-Whitney test (LPS vs H, water + LPS
and Cont vs H, water + LPS, respectively. Cont = PBS i.p. control group,
LPS = LPS i.p. injected group, H, water + LPS = maternal H, water intake
prior to LPS i.p. injection.

deoxyguanosine (8-OHdG) (Nikken Seil Co., Ltd., Shizuoka,
Japan) was used at a 1:50 dilution for a primary antibody. Finally,
the slides were counterstained with Meyer’s hematoxylin. For
the quantification of 8-OHdG immunostaining, the intensity was
evaluated as intensity score (IS), previously reported.!” Briefly,
two examiners determined IS in three segments per slide in a
double blinded manner, based on a 4-point system: 0, 1, 2, and 3
(for none, light, medium, or dark staining, respectively). Apop-
totic cells of fetal brain were identified using the In Situ Cell
Death Detection Kit, Fluorescein (Roche Applied Science,
Mannheim, Germany), according to the manufacturer’s instruc-
tions. The number of TUNEL positive cells were determined at
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Fig. 2. The effect of H, and LPS on fetuses. Representative photo-
graphs of fetuses from gestational day 16.5, 24 h after the injection of
LPS. Arrows indicate decrease in cerebral irrigation in the fetuses of the
LPS group. Cerebral irrigation was improved in the H, water + LPS group.
Cont = PBS i.p. control group, LPS = LPS i.p. injected group, H, water +
LPS = maternal H, water intake prior to LPS i.p. injection.
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x400 magnifications in three segments per slide by two examiners  test. Student’s ¢ test and The Mann-Whitney test were performed

independently. to assess variables with normal and non-normal distributions,
Statistical analysis. Statistical analyses were performed using  respectively. Differences between groups were considered signifi-

the SPSS software package ver. 22 (SPSS Inc., Chicago, IL). The  cant at a p value of <0.05.

distribution and variance were examined using the Shapiro-Wilk
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Fig. 3. (A) Representative data for TUNEL staining (left columns) and immunohistochemical staining for 8-OHdG (right columns) of fetal brain
tissue. Number of TUNEL positive cells and intensity score of 8-OHdG were significantly increased in the LPS group compared with the control
group, but these induction was completely attenuated in the H, water + LPS group. The original magnification is 40x (scale bar = 200 um) in the left
side and 400x (scale bar = 50 um) in the images on the right side, respectively. The arrows indicate cells positive for TUNEL, an apoptotic marker, or
8-OHdG, a marker for oxidative damage on DNA. (B) The TUNEL positive cells were quantified and presented as the mean + SEM. P values were
calculated according to the Mann-Whitney test. (C) 8-OHdG staining was scored as intensity score (IS) and is presented as the mean + SEM. The
p values were calculated according to the Mann-Whitney test (Cont vs LPS and Cont vs H, water + LPS) or the Student'’s t test (LPS vs H, water + LPS).
Cont = PBS i.p. control group, LPS = LPS i.p. injected group, H, water + LPS = maternal H, water intake prior to LPS i.p. injection.
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Results

H, water reduced LPS-induced intra-amniotic inflamma-
tion. The concentration of IL-6 in the amniotic fluid of the
LPS group showed an approximately 10-fold increase compared
to the control group (Fig. 1, p=0.025). This induction was
partially decreased in the H, water + LPS group compared to the
LPS group, but this difference was found not to be statistically
significant (Fig. 1, p = 0.078).

H, water alleviated cerebral irrigation. Representative
images of the macroscopic findings of fetuses from three groups
24 h after PBS or LPS i.p. injection are shown in Fig. 1. The
reduction of cerebral irrigation with partial melting limbs was
observed in 45.8% of the fetuses in the LPS group (Fig. 2, middle
panel). However, these read-outs were improved in the H, water +
LPS group (Fig. 2, bottom panel), and the population of fetuses
with those findings in the H, water + LPS group was reduced to
only 26.1%.

H, water relieved LPS-induced inflammation, oxidative
stress and apoptosis in fetal brains. To evaluate the effect of
H, on the fetal brain damage induced by maternal administration
of LPS, the number of apoptotic cells was measured in fetal brain
specimens of the three groups. The number of TUNEL-positive
cells in the LPS group was significantly increased, in comparison
to the control group (Fig.3A and B, p<0.001), whereas the
number of TUNEL-positive cells in the H, water + LPS group was
completely restored to the same level as that of the control group
(Fig. 3A and B, p=0.001). To investigate whether LPS induced
oxidative stress in the fetal brain, anti-8-OHdG immunostaining
was performed. The intensity score calculated in the LPS group
was significantly increased beyond that in the Control group
(Fig. 3A and C, p = 0.004), but that detected in the H, water + LPS
group was significantly reduced, back to the same level as that
in the control group (Fig. 3A and C, p<0.001). The expression of
IL-6 mRNA in whole fetal brains from the LPS group was
significantly increased, compared with the levels found in the
control group (Fig. 4, p=0.003). Again, IL-6 mRNA levels were
significantly reduced in the H, water + LPS group (Fig. 4, p=
0.041), and there was no significant difference in IL-6 mRNA
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Fig. 4. IL-6 mRNA expression in the fetal brain was significantly
increased in the LPS group, compared with that detected in the control
group. This induction was completely decreased in the H, water + LPS
group. The data were normalized to the expression of beta-actin and
are presented as the mean = SEM. P values were calculated according to
the Mann-Whitney test. Cont=PBS i.p. control group, LPS=LPS i.p.
injected group, H, water + LPS = maternal H, water intake prior to LPS
i.p. injection.

levels between the control group and the H, water + LPS group.
TNF-a and IL-1P expression were not detected in the control or
the LPS group (data not shown).

Discussion

In the present study, we have demonstrated that maternal
administration of H, has a suppressive effect on fetal brain injury
caused by intrauterine inflammation. Maternal intraperitoneal
injection of LPS in animals has previously been used to model
maternal inflammation-induced perinatal brain injury.®*?) Using
this model, we found that the levels of IL-6 in the amniotic fluid
were elevated, consistent with a previous report.?" Clinical
evidence has demonstrated that the elevated levels of IL-6 in the
amniotic fluid are a marker of intrauterine infection,®” and a pre-
dictor of preterm birth® and histological chorioamnionitis.®
Elevated IL-6 levels are associated with adverse perinatal out-
comes and fetal brain injury.®*?> In this study, we observed a
reduction in cerebral irrigation in the fetus, similar to another
report.!'” Moreover, immunohistochemical analysis of the fetal
brain revealed that the number of apoptotic cells was markedly
increased, which was accompanied with an increased expression
of 8-OHdG, a marker of DNA oxidative damage, and IL-6, an
inflammation marker. Thus, LPS-induced intrauterine inflam-
mation caused reduced blood flow, increased oxidative stress and
inflammation in the fetal brain of the animals, eventually leading
to fetal brain damage. It mimics the pathological state of the neo-
natal brain after injury caused by chorioamnionitis. All of these
symptoms were attenuated by maternal H, administration prior to
LPS injection.

H, was initially reported to act as an antioxidant, preventing
brain injury by selectively targeting cytotoxic oxygen radicals.?
H, has a rapid rate of diffusion and effectively reaches the nucleus,
where it can protect nuclear DNA from oxidative damage.!?
Several researchers also observed that H, reduces oxidative DNA
damage in brain tissues, indicating its potential as a neuroprotec-
tive potential.®*?® In addition, H, can penetrate the blood-brain
barrier, an import advantage of using H, over other neuroprotec-
tive drugs.'® We have previously confirmed that maternal H,
administration increases the H, concentrations in the fetal
brains.(®!® Thus, it could be postulated that H, administered to
the mother could pass through the blood-brain barrier and protect
fetal brain cells against oxidative stress or inflammation. Indeed,
it has been reported that H, has an anti-inflammatory effect."¥ H,
reduced the mRNA expression of pro-inflammatory cytokines
including IL-6 in an adult mouse model of LPS-induced neuro-
inflammation.® Other studies reported that H, improves memory
function via suppression of IL-6 expression in brain tissues in a rat
model of Alzheimer’s disease.C” Based on those results, it can be
concluded that H, suppresses oxidative DNA damage and the
expression of IL-6 in the adult brain. Moreover, our results now
show that these effects of H, are also detected in the fetal brain
after maternal H, administration. The effects of H, water admin-
istration were milder in the amniotic fluid than in the fetal brain.
This might be due to the fact that maternal H, water administration
leads to an increase in H, concentration in the fetal brain, but
not in the amniotic fluid."® We speculate that the effects of H,
on the fetal brain tissue are mainly due to its direct action in the
fetal brain tissue, but they may be partially explained by ant-
inflammatory effect on the intrauterine inflammation itself.

The present study has several limitations. Only IL-6 was found
to be increased in the LPS group in this study, but other pro-
inflammatory cytokines such as TNF-a and IL-1, which are also
be important in the pathogenesis of brain injury resulting from
chorioamnionitis or fetal inflammatory response syndrome, were
not detected.™ It has previously been reported that these cytokines
are increased in the fetal brain after intrauterine injection of
LPS.C!32) and the effect of H, on the expression of these cytokines
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remains to be established and confirmed in the other strains.
Furthermore, the H, administration protocol should be revised
for clinical research. The timing to start therapy is important for
efficacy.®® After obtaining promising results in this proof-of-
principal study, we will now proceed with a further evaluation
of H, dosages suitable for clinical use.

In conclusion, maternal administration of H, water prevents
fetal brain damage caused by intrauterine inflammation. Prophy-
lactic use of H, might improve the neurological prognosis of
premature neonates delivered from mothers suffering from intra-
uterine inflammation.
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