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Hydrogen-rich saline mediates neuroprotection through the regulation
of endoplasmic reticulum stress and autophagy under hypoxia-
ischemia neonatal brain injury in mice
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a b s t r a c t

Hydrogen as a new medical gas exerts organ-protective effects through regulating oxidative stress, in-
flammation and apoptosis. Multiple lines of evidence reveal the protective effects of hydrogen in various
models of brain injury. However, the exact mechanism underlying this protective effect of hydrogen
against hypoxic-ischemic brain damage (HIBD) is not fully understood. The present study was designed
to investigate whether hydrogen-rich saline (HS) attenuates HIBD in neonatal mice and whether the
observed protection is associated with reduced endoplasmic reticulum (ER) stress and regulated au-
tophagy. The results showed that HS treatment significantly improved brain edema and decreased infarct
volume. Furthermore, HS significantly attenuated HIBD-induced ER stress responses, including the de-
creased expression of glucose-regulated protein 78, C/EBP homologous protein, and down-regulated
transcription factor. Additionally, we demonstrated that HS induced autophagy, including increased LC3B
and Beclin-1 expression and decreased phosphorylation of mTOR and Stat3, as well as phosphorylation
of ERK. Taken together, HS exerts neuroprotection against HIBD in neonatal mouse, mediated in part by
reducing ER stress and increasing autophagy machinery.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Neonatal hypoxia–ischemia (HI) brain injury remains a leading
cause of mortality and severe long-term disabilities and neurolo-
gical disorders (Lorenz et al., 1998). It has been known that the
depletion of cellular energy production, decreased tissue glucose
metabolism and the development of cell injury in the HI brain are
closely related (Thornton et al., 2012). Consequently, there is an
incontestable need to study the mechanisms underlying HI brain
injury and search for additional possible therapeutic strategies.

The endoplasmatic reticulum (ER) regulates protein synthesis,
protein folding and trafficking, cellular responses to stress, and
intracellular calcium (Ca2þ) levels (Tajiri et al., 2004). Conditions
that interfere with the ER functions cause accumulation of un-
folded proteins in the ER lumen, referred to as ER stress, which
activates a homeostatic signaling network known as unfolded
protein response (UPR). Excessive and prolonged ER stress can
trigger cell death (Tabas and Ron, 2011). Several studies have
shown that ischemic injury causes a severe impairment of ER
function, which in turn triggers shutdown of protein translation
and apoptosis (Tajiri et al., 2004), suggesting that the ER plays an
important role in cerebral ischemia. Thus, reducing ER stress may
provide a therapeutic way to block the pathological process in-
duced by cerebral ischemia.

Autophagy is a cellular catabolic process that contributes to
quality control and maintenance of the cellular energetic balance
through the turnover of protein and organelles in lysosomes. It has
been suggested that autophagy is an adaptive mechanism that
helps maintain cellular homeostasis during the early stage of
disease in response to cellular stress. Autophagy occurs
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constitutively at a basal level, but can also be induced by both
physiological and pathological stimuli. Given autophagy can be
stimulated in both the adult- and neonatal-rat, it has been sug-
gested that it may contribute to ischemic neuronal injury
(Northington et al., 2011).

Hydrogen gas is a new medical gas that exerts organ-protective
effects through regulating oxidative stress, inflammation, and
apoptosis (Cai et al., 2008; Ohsawa et al., 2007; Ohta, 2012). Re-
cently, accumulating evidence has suggested that hydrogen pro-
vides neuroprotection of oxidative stress-induced damage in
neurological diseases, such as Alzheimer's disease, Parkison's dis-
ease, cerebral ischemia and spinal cord injury (Hong et al., 2010;
Ohsawa et al., 2007). Hydrogen also affords neuroprotection
against brain damage in a neonatal model of HI (Cai et al., 2008;
Cai et al., 2009). Hydrogen-rich saline (HS) has biological benefits
toward preventive and therapeutic applications; however, the
molecular mechanisms underlying the marked effects of HS re-
main elusive.

In this study, we tested the hypothesis that whether ER stress
and autophagy could be involved in the neuroprotective effect of
HS administered after neonatal HI. We chose the Rice-Vannucci rat
model to provoke hypoxic-ischemic brain damage (HIBD) (Hag-
berg et al., 1997).

2. Results

2.1. HS protected against brain injury

Representative whole brain morphology from mouse pups in
each group, at 3 d after HI insult is shown in Fig. 1A. The HIBD
brain after 3 d insult appeared edematous and apparent sign of
liquefaction area in the ipsilateral side of the whole brain (shown
by arrows) as compared to the sham group. However, HS treat-
ment could alleviate edema and this morphological damage,
especially in the higher dose of HS group. Moreover, quantification
of brain water content in the ipsilateral and contralateral brain
hemisphere was measured 3 days after HI. The results showed that
the water content of the ipsilateral hemispheres in the HI group
was significantly increased compared with that in the sham group.
Brain water content was significantly reduced by HS treatment

(Fig. 1B).
Representative photographs of TTC-stained sections from

mouse pups in each group, at 3 d after HI insult were shown in
Fig. 2. The infarct ratio in HI group was markedly higher than that
in the sham group. However, HS treatment at two doses after HI
therapy dramatically decreased the volume of infarction, espe-
cially in the higher dose of HS group.

2.2. HS decreased apoptotic markers

Apoptotic markers in the lesioned hemisphere, Bcl-2 and Bax,
were quantified by Western blot and RT-PCR analysis. The Bcl-2/
Bax ratio was decreased significantly after HI injury at protein and
mRNA levels, which was reversed by HS treatment (Fig. 3). To
further investigate the potential protective mechanism of HS, we
performed Western blot to assess cleaved-caspase 3 protein levels
after HI insult. As shown in Fig. 3, HI insult significantly increased
cleaved-caspase 3 protein levels compared with the corresponding
controls. However, HS treatment significantly suppressed this HI
induced-cleaved-caspase 3 increase (Fig. 3).

2.3. HS reduced ER stress after HI

To study whether the reduction of ER stress was involved in the
neuroprotective effect of HS, we assessed the expression and ac-
tivation of several proteins involved in the UPR. Glucose-regulated
protein 78 (GRP78) and C/EBP homologous protein (CHOP) are
molecular markers of ER stress (Tabas and Ron, 2011). In agree-
ment with previous findings, immunohistochemical analysis re-
vealed that many GRP78/Chop-positive cells were observed in the
lesioned hemisphere, whereas the GRP78/Chop-positive cells were

Fig. 1. Effects of the HS on HI-induced brain injury (A) Representative whole
brain morphology of animals shown at 3 days after HI. The ipsilateral hemisphere
to the ligation appeared edematous and showed apparent sign of liquefaction area
(black arrows) in HIBD brain. (B) Brain water content of ipsilateral and contralateral
brain hemisphere was measured at 3 days after HI, n¼6. Values represent the
mean7SD, ***po0.001 HIBD VS Sham; #po0.05, ##po0.01 HIBDþHS VS HIBD.

Fig. 2. HS alleviates SAH-induced infarct volume (A) Representative TTC stained
brain sections from Sham, HI and treatment groups with different dosages of HS
were shown. (B) Quantitative analysis of infarct volume, n¼6. Values represent the
mean7SD,***po0.001 HIBD VS Sham; ##po0.01, ###po0.001 HIBDþHS VS
HIBD.
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