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Hydrogen-rich saline ameliorated LPS-induced acute lung injury

via autophagy inhibition through the ROS/AMPK/mTOR pathway

in mice
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Abstract
Over-activation of autophagy due to increased levels of reactive oxygen species is a key

mechanism of lipopolysaccharide-induced acute lung injury. Hydrogen-rich saline, an antiox-

idant, has been proved to be an effective agent for the prevention of acute lung injury, but the

underlying mechanism remains unclear. Here, we investigated the mechanism through which

hydrogen-rich saline prevents acute lung injury by focusing on autophagy regulation. The acute

lung injury model was induced using lipopolysaccharide both in vivo and in vitro. The activation

of autophagy was observed by detecting the expression of autophagy-related proteins using

Western blotting. Lung histopathological changes, malondialdehyde content, wet/dry ratio,

inflammatory cell count, protein content in bronchoalveolar lavage fluid, and cell viability

were measured to evaluate the severity of acute lung injury. Intracellular reactive oxygen spe-

cies levels were detected using dihydroethidium, which is a reactive oxygen

species fluorescent probe. The results showed that the expression of Beclin-1 and

microtubule-associated protein 1 light chain 3 II/I (LC3II/I ratio) was obviously increased after

lipopolysaccharide administration. Pretreatment with hydrogen-rich saline markedly inhibited

the expression of Beclin-1 and the LC3II/I ratio; ameliorated lung histopathological changes,

malondialdehyde content and wet/dry ratio; and reduced protein content and infiltration of inflammatory cells in bronchoalveolar

lavage fluid. These protective effects were also observed by pretreatment with autophagy inhibitor 3-methyladenine. Similar results

were found in vitro. The production of reactive oxygen species and the activation of the AMPK/mTOR pathwaywere notably enhanced

inMLE-12 cells after lipopolysaccharide treatment, and ameliorated by the hydrogen-richmedium. The activation of AMPK induced by

lipopolysaccharide was also inhibited by pretreatment with N-acetyl-L-cysteine (a reactive oxygen species scavenger). In addition, the

over-activation of autophagy was also suppressed by compound C (an AMPK inhibitor). In conclusion, hydrogen-rich saline alleviated

lipopolysaccharide-induced acute lung injury by inhibiting excessive autophagy activation via the ROS/AMPK/mTOR pathway inmice.

Hydrogen-rich saline may be a new therapeutic strategy for acute lung injury prevention and treatment in the future.
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Impact statement
Acute lung injury (ALI), a common compli-

cation of many serious health issues, such

as serious infection, burns, and shock, is

one of the most common critical illnesses

in clinical practice with a high mortality rate

of 30–40%. There are still short of effective

prevention and treatment measures.

Evidence is growing that hydrogen-rich

saline (HRS) may be an effective drug for

the prevention and treatment of ALI.

However, the mechanisms involved in have

not been clearly understood. In this study,

we investigated the underling mechanisms

by focusing on autophagy regulation. The

results showed that HRS ameliorated

lipopolysaccharide-induced ALI in mice by

inhibiting autophagy over-activation

through ROS/AMPK/mTOR pathway. HRS

may be a new therapeutic strategy for ALI

prevention and treatment in the future.
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Introduction

Acute lung injury (ALI) and the more severe form acute
respiratory distress syndrome (ARDS) are two common

serious complications of many acute severe diseases,

including serious infection, burns, trauma, and shock.1

Clinically, the characters of ALI/ARDS are progressive

hypoxemia and respiratory failure, caused by injury of

alveolar epithelial cells and pulmonary capillary endothe-

lial cells.1 Although numerous therapeutic strategies have

been applied, ALI/ARDS remain to be a major clinical chal-

lenge, and the mortality rate of ALI/ARDS is still as high as

30–40%.2 It is becoming increasingly important to develop

new therapeutic strategies to improve the outcome of

ALI/ARDS.
Autophagy is a fundamental process involved in cellular

homeostasis, by which unsued proteins and damaged
organelles are transported to lysosomes to be broken
down and recycled.3,4 This process is a double-edged
sword, however, as its over-activation can lead to autopha-
gic cell death caused by excessive degradation of intracel-
lular substances.5,6 Inhibiting autophagy has been shown to
alleviate ALI in various types of ALI models.7,8 Autophagy
regulation has become a potential target for the treatment of
ALI.7,8 Various stimuli, such as nutrient and energy stress,
hormone stimulation, hypoxia, and oxidative stress can
trigger autophagy.3,4 In recent years, the effects of reactive
oxygen species (ROS) in autophagy regulation have
received more and more attention.9,10 Studies have shown
that, by reducing ROS production, hydrogen (H2) can effec-
tively inhibit autophagy activity and provide protective
effects against numerous diseases.11,12

H2 is the lightest chemical element and can easily diffuse
through membranes into cytosol and organelles, exerting
anti-oxidation, anti-inflammation, and anti-apoptotic
effects.13,14 Under physiological conditions, breathing low
concentrations of H2 has been proven to be relatively safe,
but as it has explosive property, the use of H2 is limited in
clinical practice.15 In studies, H2 is often dissolved in a sol-
vent like physiological saline (hydrogen-rich saline, HRS)
under high pressure to observe its effects in the treatment
and prevention of diseases.14,16 It has been demonstrated
that HRS can provide protection against various diseases,
including sepsis, stroke, multiple organ dysfunction syn-
drome, and ALI.15,17

It is still unknown, however, whether autophagy regu-
lation has a role in the protective effects of HRS on ALI and
how HRS regulates the activation of autophagy. Here, by
focusing on autophagy regulation, we investigated the pro-
tective effects of HRS on LPS-induced ALI in mice, and
explored the possible mechanisms.

Material and methods

Animals and treatments

Seven-week-old male C57BL/6 mice were provided by the
Animal Research Center of Shanghai Jiaotong University,
and housed with standard food andwater ad libitum under

a natural day/night cycle. The mice were acclimated for
two weeks before the experiments. All experimental proce-
dures were approved by the Institutional Animal Care and
Use Committee of the university.

Forty mice were randomly classified into five groups:
Control group, saline group, LPS group, HRSþLPS group,
and 3-Methyladenine (3-MA)þLPS group. The mice were
intratracheally treated with LPS (10mg/kg; 50 lL/per
mouse) or an equal volume of saline to induce ALI. HRS
was given intraperitoneally 1 h before LPS treatment.
Twelve hours after LPS treatment, the mice were sacrificed
and samples were collected.

HRS and hydrogen-rich medium preparation

H2 was dissolved in saline or DMEM/F-12 (Gibco, USA)
under high pressure (0.4 MPa 6 h) to reach a supersaturated
level and was stored at 4�C under atmospheric pres-
sure.15,17 HRS and hydrogen-rich medium (HRM) were
freshly prepared within 24 h prior to the experiments by
the Department of Diving Medicine, Faculty of Navy
Medicine, Second Military Medical University (Shanghai,
China). H2 levels were measured according to the method
described by Ohsawa et al.18 and showed an average level
of 0.86 mmol/L.

Histopathological analysis

After the mice were sacrificed, the left lungs were excised
and fixed in 4% paraformaldehyde. After dehydration, the
lung tissues were embedded in paraffin wax. Then the tis-
sues were sectioned followed by hematoxylin and eosin
(H&E) staining. The histopathological features of ALI
were evaluated under a microscope.

Bronchoalveolar lavage fluid acquisition and analysis

The lungs of the mice were lavaged with 0.3 mL precooled
saline three times. The bronchoalveolar lavage fluid (BALF)
was collected and centrifuged at 2000 r/min for 5 min. The
cell pellets were then resuspended in PBS for a total cell
count using a hemacytometer, and stained with H&E for
cell classification. The protein concentration was quantified
using a BCA protein assay kit (Beyotime, China).

Lung wet/dry ratio

The right lungs were excised and weighed to obtain the wet
weight (W). Then, it was dried in an incubator at 60�C for
72 h and weighted to obtain the dry weight (D). The ratio of
W/D was calculated to assess the lung tissue edema.

Cell culture

Mouse AECII cell line (MLE-12 cells) was purchased from
the ATCC (Manassas, USA) and maintained in DMEM/
F-12 (Hyclone, China) containing 2% fetal bovine serum
(Gibco) and 100 U/mL penicillin and streptomycin
(Gibco) in a humidified incubator containing 5% CO2

at 37�C.
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Cell viability detection

Cell viability was measured using a CCK-8 assay according
to the manufacturer’s instructions. Briefly, MLE-12 cells
were incubated with 2 lg/mL LPS for 24 h, then the
medium was replaced with CCK-8 solution, and the cells
were incubated for an additional 1.5 h. The absorbance was
measured with a microplate reader (BioTek, USA) at
450 nm.

ROS detection

Whole-cell ROS was detected using a widely used ROS
fluorescent probe dihydroethidium (Thermo-fisher, USA).
After LPS treatment, the cells were incubated with HBSS
containing 5 lMdihydroethidium for 20min. Amicroscope
(Leica, Germany) was applied for acquiring fluores-
cence signal.

Western blotting analysis

The samples were lysed in a radio immunoprecipitation
assay lysis buffer containing 1 mM phenylmethanesulfonyl
fluoride, and separated by 10% or 12% SDS polyacrylamide
gels before being electrotransferred onto a PVDF mem-
brane. After being blocked with 5% (w/v) nonfat dry
milk for 1 h at room temperature, the membranes were
incubated with specific antibodies (Cell Signaling
Technology, USA) overnight at 4�C, and then the mem-
branes were incubated with horseradish peroxidase-
conjugated secondary antibody (Cell Signaling
Technology) for 2 h and detected with a chemiluminescence
detection assay. The bands were analyzed with Image
J software.

Statistical analysis

All data are expressed as mean� standard deviation (SD)
and were analyzed using SPSS21.0. Differences between
groups were compared with one-way ANOVA test.
A P value less than 0.05 was considered to be statistical-
ly significant.

Results

HRS inhibited the activation of autophagy in
LPS-induced ALI

In this study, we first observed the effects of HRS on the
LSP-induced autophagy activation in mice by detecting the
expression of Beclin-1 andmicrotubule-associated protein 1
Light Chain 3 II/I (LC3II/I ratio). As shown in Figure 1, the
expression of Beclin-1 and LC3II/I ratio significantly
increased (all P< 0.01) in the LPS group. This further con-
firmed that autophagy is activated in LPS-induced ALI.
HRS treatment significantly reversed these changes
(all P< 0.01), suggesting that HRS can inhibit autophagy
activation in LPS-induced ALI in mice.

HRS and autophagy inhibitor 3-MA alleviated

LPS-induced ALI

As shown in Figure 2, LPS treatment caused severe lung
injury, which included the accumulation of neutrophils, the
formation of hyaline membrane in lung tissue, and
increased alveolar wall thickness. Total cells, neutrophils,
macrophages, and levels of protein in BALF; W/D ratio;
and the MDA content of lung tissue also significantly
increased after LPS administration (all P< 0.01).
Pretreatment with HRS or 3-MA (an autophagy inhibitor)
significantly mitigated these changes (all P< 0.01).
These results indicated that HRS alleviated LPS-induced
ALI may through autophagy inhibition in mice.

HRM inhibited LPS-induced autophagy activation

in MLE-12 cells

Alveolar type II epithelial cells (AECII) injury and dysfunc-
tion are a main cause of ALI. In this study, autophagy acti-
vation in mouse AECII cells (MLE-12 cells) after LPS
treatment was further observed. As shown in Figure 3,
LPS treatment significantly up-regulated the expression of
Beclin-1 and the LC3II/I ratio (all P< 0.01). Pretreatment
with HRM significantly attenuated these changes (all
P< 0.01). These results indicated that HRM can inhibit
the excessive activation of autophagy in AECII cells.

Figure 1. Effects of HRS on the expression of Beclin-1 and LC3II/I in LPS-

induced ALI in mice. The mice were administrated intratracheal LPS (10 mg/kg,

dissolved in saline; 50 lL/per mouse) or an equal volume of saline (Saline (I.T.)) to

induce ALI. HRS (10 mL/kg) or an equal volume of saline was administrated

intraperitoneally 1 h before LPS treatment. Twelve hours later, the mice were

sacrificed and samples were collected. Data are represented as mean�SD of

three independent experiments. **P< 0.01 vs. Con group, ##P< 0.01 vs. LPS

group.

HRS: hydrogen- rich saline; Con: control; LPS: lipopolysaccharide.
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Figure 2. Effects of HRS and autophagy inhibitor 3-MA on LPS-induced ALI in mice. The mice were received an intraperitoneal injection of HRS (10 mL/kg) or an equal

volume of saline 1 h before LPS treatment. Themice were administrated intratracheal LPS (10 mg/kg, dissolved in saline; 50 lL/per mouse) or an equal volume of saline

(Saline (I.T.)) to induce ALI. (a) Lung histopathological changes measured by H&E staining. (b) W/D ratio. (c) MDA content in lung tissue. (d) Protein content in BALF. (e)

Total cell count in BALF. (f) Neutrophil count in BALF. (g) Macrophagy count in BALF. Data are represented as mean�SD of three independent experiments. **P< 0.01

vs. Con group, ##P< 0.01 vs. LPS group. MDA: malondialdehyde; W/D: wet/dry ratio, BALF: bronchoalveolar lavage fluid; 3-MA: 3-Methyladenine. (A color version of

this figure is available in the online journal.)

Figure 3. HRM inhibited the activation of autophagy in MLE-12 cells. Culture

medium was replaced with HRM 1 h before LPS (2 lg/mL) treatment. Data are

represented as mean � SD of three independent experiments. **P< 0.01 vs.

Con group, ##P< 0.01 vs. LPS group. HRM: hydrogen-rich medium.

Figure 4. Effects of HRM on LPS-induced MLE-12 cells injury. One hour before

LPS administration, the culture medium was replaced with HRM in the

HRMþLPS group and 3-MA (5 mM) were added into the culture medium of the

3-MAþLPS group. Data are represented as mean�SD of three independent

experiments. **P< 0.01 vs. Con group, #P< 0.05 vs. LPS group.
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HRM and 3-MA alleviated LPS-induced MLE-12
cell injury

The effects of HRM on LPS-induced MLE-12 cells injury
were evaluated by looking at the changes in cell viability.
As shown in Figure 4, cell viability obviously decreased
after LPS treatment (P< 0.01). Pretreatment with HRM or

3-MA significantly protected MLE-12 cells from LPS-
induced injury (all P< 0.05). These findings suggested
that HRM may produce significant protection in MLE-12
cells during ALI.

HRM may inhibit LPS-induced autophagy in MLE-12
cells via the ROS/AMPK/mTOR pathway

As shown in Figure 5, the intracellular ROS levels, the phos-
phorylation of AMPK, and the dephosphorylation of
mTOR were significantly increased after LPS administra-
tion in MLE-12 cells (all P< 0.01). Pretreatment with HRM
obviously reversed these changes (all P< 0.01). The phos-
phorylation of AMPK was also inhibited by pretreatment
with NAC (a ROS scavenger, P< 0.01), and the dephos-
phorylation of mTOR was suppressed by pretreatment
with AMPK inhibitor compound C (P< 0.01). Total
AMPK and mTOR protein levels did not significantly
changed in this study. These data suggested that HRM
inhibited the AMPK/mTOR pathway activation may
through ROS scavenging. The expression of Beclin-1 and
the ratio of LC3II/I were also significantly inhibited by
pretreatment compound C, indicating HRM inhibited
LPS-induced autophagy in MLE-12 cells may via the
ROS/AMPK/mTOR pathway.

Discussion

Gram-negative bacterial infection is considered to be the
main cause of ALI.15 It has been proven that LPS is the
principal active component of bacterial endotoxin and is
present in the outer membranes of Gram-negative bacteria.

Figure 5. Effects of HRM on the activation of the ROS/AMPK/mTOR pathway. NAC (5 mM), compound C (CC, 10 lM), and HRM were administrated 1 h before LPS

treatment. Protein samples were harvested 24 h after LPS administration. (a) The phosphorylation of AMPK and mTOR. (b) The effects of NAC on the phosphorylation

of AMPK. (c) Levels of intracellular O2•� was detected by dihydroethidium. (d) The expression of Beclin-1 and LC3II/I. Data are represented as mean�SD of three

independent experiments. **P< 0.01 vs. Con group, ##P< 0.01 vs. LPS group. NAC: N-acetyl-L-cysteine. (A color version of this figure is available in the online journal.)

Figure 6. H2 Mechanism for preventing ALI induced by LPS. Under basal con-

ditions, autophagy is negatively regulated by mTOR. LPS treatment increased

intracellular ROS formation, which inhibited the mTOR activity by activating

AMPK. Inhibition of mTOR triggered the excessive activation of autophagy and

led to ALI. Pretreatment with H2 can inhibit excessive activation of autophagy

after LPS treatment by scavenging intracellular ROS and ameliorate ALI.

AECII: alveolar type II epithelial cell. (A color version of this figure is available

in the online journal.)
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LPS can enhance the production of intracellular ROS and
increase the release of inflammatory cytokines, which can
recruit and activate inflammatory cells into the lung, initi-
ating the inflammatory cascade and inducing alveolar cap-
illary damage and alveolar epithelial cell damage.19,20

In recent years, the role of ROS in ALI/ARDS has
received increased attention as it not only causes severe
oxidative damage to cells but also initiates cell death path-
ways, such as apoptosis and autophagy over-activation.21,22

In this study, we observed the generation of ROS by detect-
ing intracellular O2

�, which is the precursor form of
ROS.23,24 The results showed that intracellular O2

� mark-
edly increased after LPS treatment. At the same time, the
in vivo results also showed that MDA levels, an indicator of
oxidative damage, also significantly increased in lung
tissue. These results further confirmed that oxidative
damage may play a key role in LPS-induced ALI.

Autophagy is a very important mechanism involved in
the maintenance of cellular homeostasis,5 through which
damaged or unused proteins and organelles are degraded
and recycled to promote cell survival.5 However, over-
activation of autophagy may induce autophagic cell death
via excessively destroying intracellular substances.5,6

Studies have shown that autophagy over-activation con-
tributed to various ALI conditions.7,25 In this study, we
found that the expression of Beclin-1 and LC3I/II ratio
observably increased after LPS treatment, both in vivo and
in vitro, which further confirmed that autophagy was acti-
vated in LPS-induced ALI.

To determine the role of autophagy inhibition in the pro-
tection of LPS-induced ALI by HRS, we investigated the
effects of HRS on the activation of autophagy and the pro-
tective effects of autophagy inhibitor 3-MA and HRS on
LPS-induced ALI. The results showed that pretreatment
with HRS significantly attenuated the activation of autoph-
agy and that LPS-induced ALI was obviously alleviated by
autophagy inhibitor 3-MA and HRS both in vivo and
in vitro. This indicated that HRS protected the mice from
LPS-induced ALI may through autophagy inhibition. In
2015, Zhang et al.26 found that autophagy was over-
activated in LPS-induced ALI in rats and that pretreatment
with HRS effectively inhibited the activation of autophagy
and ameliorated LPS-induced ALI. In this study, however,
the contribution of autophagy inhibition to the protective
effects of HRS on ALI was not observed.26 In 2017, Zhang
et al.26 according to the pathogenesis of ALI further specu-
lated that HRS ameliorated LPS-induced ALI may through
reducing excessive autophagy activation. They did not con-
duct an experiment to confirm their speculation, however.

H2 is an effective antioxidant for selectively reducing
cytotoxic oxygen radicals and alleviating oxidative
stress.27,28 Our results found that pretreatment with HRS
significantly reduced MDA levels, an indicator of oxidative
damage, in lung tissue, which verified the antioxidant
effect of H2 in LPS-induced ALI. As AECII cells injury is
an important cause of ALI and excessive autophagy activa-
tion of AECII cells is a key feature of aggravated ALI.29 We
further observed the underlying mechanisms through
which HRS regulates the activation of autophagy in MLE-
12 cells, which is a cell line of mouse AEII cells.

Many signaling pathways participate in the regulation
of autophagy.29 Among them, the AMPK/mTOR pathway
has been shown to be particularly important.3,21,30 By neg-
atively regulating mTOR activity, AMPK positively regu-
lates the activation of autophagy.3,10 ROS is a very
important activator of AMPK10,21 and to see whether
ROS/AMPK/mTOR contribute to autophagy regulation
by HRS, the levels of ROS and the phosphorylation of
AMPK and mTORwere measured in this study. The results
showed that LPS treatment significantly increased intracel-
lular ROS levels, AMPK phosphorylation, and mTOR
dephosphorylation. Pretreatment with HRS significantly
reversed these changes. The phosphorylation of AMPK
induced by LPS was also inhibited by pretreatment with
a ROS scavenger NAC. In addition, we further observed the
role of AMPK phosphorylation in autophagy activation by
using AMPK specific inhibitor compound C. The results
revealed that the expression of Beclin-1 and the LC3II/I
ratio was obviously inhibited by pretreatment with com-
pound C. These data led to the hypothesis that (as shown in
Figure 6), during ALI, the activation of autophagy induced
by LPS is associated with the accumulation of intracellular
ROS, which causes the activation of the AMPK/mTOR
pathway and the activation of autophagy. HRS effectively
scavenged intracellular ROS, thus inhibiting autophagy
over-activation and ameliorating LPS-induced ALI.

In conclusion, our results indicated that HRS ameliorat-
ed LPS-induced ALI by inhibiting autophagy over-
activation via the ROS/AMPK/mTOR pathway.
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