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Molecular hydrogen accelerates the reversal of acute
obstructive cholangitis-induced liver dysfunction
by restoring gap and tight junctions
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Abstract. Gap junctions (GJs) and tight junctions (TJs) are
essential to maintain the function of hepatocytes. Changes
in biliary tract pressure and the effect of lipopolysaccha-
ride (LPS) may lead to acute obstructive cholangitis (AOC)
and cause liver injury via GJ and TJ dysfunction. Hydrogen
has been confirmed to have a protective role in various organs
during pathological conditions and inflammation. The present
study investigated the function of junction proteins and the
potential application of H, in AOC-induced liver injury. An
AOC rat model was established by LPS injection through a
bile duct catheter, while the distal bile duct was closed. The
catheter sealing caps were removed and bile was allowed to
flow out from the catheters at 12 h after LPS infusion. The
potential application of H, was studied in the AOC rat model
with biliary drainage. It was observed that AOC induced
the disruption of junction proteins of both GJs and TJs. H,
administration reversed AOC-induced disruption of GJs and
TIJs after biliary drainage. The mechanism of this phenomenon
suggests that H, may have effectively attenuated AOC-induced
inflammatory and oxidative damage, and decreased matrix
metalloproteinase activity. H, may accelerate the reversal of
AOC-induced liver dysfunction, and this phenomenon may
depend on reversing the inhibition of GJs and TJs.

Introduction

The function of the ‘blood-biliary barrier’ is to ensure bile
secretion without leakage from the centrizonal region to the
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periportal zone and then to bile ducts, in a highly ordered
manner (1). Because gap junctions (GJs) regulate direct intercel-
lular communication and tight junctions (TJs) completely seal
the bile canaliculi, these are essential to maintain the function of
the blood-biliary barrier (1). The most common GJ proteins in
the liver, the connexins (Cx, also termed gap junction proteins)
Cx26 (gap junction protein 32) and Cx32 (gap junction protein
B1) have been found to be downregulated during obstructive
cholestasis and lipopolysaccharide (LPS)-induced hepatocel-
lular cholestasis (2). In addition, expression of TJ proteins, such
as tight junction protein 1 (ZO1/TJP1), has also been reported
to be influenced by LPS or liver injury (3.4). Alterations in
GJ and TJ composition are associated with hepatic disease
and lead to cholangiovenous reflux, liver injury, and even
systemic disease (1). Acute obstructive cholangitis (AOC) is a
bacterial infection caused by biliary obstruction, and it leads
to systemic signs of infection (5). Due to the high biliary pres-
sure and the presence of LPS, blood-biliary barrier disruption
may occur in cases of AOC (5). In severe cases of AOC, LPS
and cholochrome may be continuously released into the blood
until functional restoration of the barrier occurs (5). Therefore,
accelerating the restoration of hepatocyte GJs and TJs may
improve patient prognosis and shorten the course of AOC.

Molecular hydrogen (H,) is regarded as an important
physiological regulatory factor with antioxidant effects, which
protect cells and organs from injury caused by reactive oxygen
species (ROS) and oxidative stress (6-8). Anti-inflammatory
effects are another important physiological regulatory func-
tion of H, (6). H, may therefore be a promising therapeutic
strategy to combat certain pathologies and sepsis (9-11). Given
that H, serves important physiological functions, it is possible
that H, may have a role in the process of AOC.

Therefore, the present study hypothesized that H, admin-
istration may help reverse the AOC-induced disruption of
GJs and TJs in hepatocytes and accelerate the tissue recovery
process.

Materials and methods

Experimental animals. Male Wistar rats, weighing 300-350 g
(13-16 weeks old) were purchased from Shanghai SLAC
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Laboratory Animal Co., Ltd. All procedures were approved by
the Ethics Committee of Zhejiang University, and conformed
to the Care and Use of Laboratory Animals Guide published
by the US National Institutes of Health (NIH Publication
no. 85e23, revised 1996). The rats had ad libitum access to food
and water, and were maintained at 20°C, with 50% humidity
under 12:12-h light-dark cycles.

Establishment of rat AOC models. A total of 19 rats
were randomly assigned to the following three groups
(n=6 rats/group): Sham; bile duct ligation (BDL); and acute
obstructive cholangitis (AOC) groups. Intraperitoneal injec-
tions of pentobarbital (50 mg/kg) were used to anaesthetize
the animals. In the BDL and AOC groups, the distal common
bile ducts were dissociated and ligated with 6-0 silk sutures.
PE-10 polyethylene catheters (~3 cm), which were long enough
to reach the skin surface of the animals, were inserted into
the proximal bile ducts as previously described (12). Intra-bile
duct infusions were performed immediately following
surgery. For intra-bile duct infusions, 0.2 ml of saline or
LPS (2 mg/ml, purified from Escherichia coli O111:B4;
Sigma-Aldrich, Merck KGaA) was injected into the proximal
bile ducts through the catheters. After injection of 0.1 ml air,
the catheter was sealed with a sealing cap and the abdominal
cavity was closed using silk sutures. Rats in the sham group
underwent a sham operation.

According to the specific symptoms associated with
this model and the guidelines suggested by previous
studies (13,14), humane endpoints were defined as leth-
argy (lack of response to stimulus), hypopnea, cyanosis or
hypothermia at 34°C. Animals that exhibited any of these
symptoms were sacrificed via cervical dislocation under
isoflurane anesthesia. After a 12-h observation period,
during which 1 rat was sacrificed after reaching the afore-
mentioned humane endpoints, the remaining 18 rats were
sacrificed, and blood and tissue samples were harvested.
Blood samples were centrifuged (1,000 x g for 5 min at 4°C)
and serum was stored at -80°C prior to subsequent analysis.
Liver fractions were snap-frozen in liquid nitrogen and then
stored at -80°C.

Preparation of hydrogen-rich saline (HRS). HRS was prepared
as previously described (15,16). In brief, HRS was prepared
by dissolving hydrogen in physiological saline for 12 h under
high pressure (0.4 MPa). HRS was stored under atmospheric
pressure at 4°C in a sealed bag with no dead volume. Using
gas chromatography according to a previously described
protocol (17), the hydrogen concentration on the first day after
preparation was 0.76+0.05 and 0.62+0.04 mmol/I at 7 days
post-preparation. HRS was prepared weekly to ensure that the
concentration of hydrogen was sufficient for experiments.

HRS administration experiment. A total of 30 AOC rats were
divided into three groups in this part of experiment (n=10).
The catheter sealing caps were removed and bile was allowed
to flow out from the catheters at 12 h after LPS infusion.
Normal saline (NS, 5 ml/kg) or HRS (5 and 10 ml/kg) was
administered intraperitoneally from the day of surgery (once
daily) until the end of the experiment (72 h following LPS
infusion). All rats remained under strict observation (every
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6 h) and time of death was recorded over a 72 h observation
period after LPS infusion. During this observation period,
animals that reached the aforementioned humane endpoints
were sacrificed humanely under anesthesia. All other animals
were sacrificed after the 72 h observation period, and blood
and tissue samples were harvested from these animals only.

Evaluation of liver function. The serum levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT) and
total bilirubin (TBIL) were measured using an Automated
Chemical Analyzer (Dimension RxLMax HM; Siemens AG)
to evaluate the degree of liver injury and function.

Cell experiments. The rat hepatic cell line BRL was obtained
from the Chinese Academy of Sciences Shanghai Branch
Cell Bank. BRL cells were cultured in DMEM (Gibco,
Thermo Fisher Scientific. Inc.) supplemented with 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.), 100 IU/ml penicillin
and 100 pug/ml streptomycin, at 37°C in an atmosphere with
5% CO,.

The BRL cells (1x10°) were seeded into 60 mm dishes.
After 24 h of culture to allow cells to attach, cells were treated
with or without LPS, at 400 ng/ml for 6 h. Cells were harvested
and total proteins were extracted for western blot analysis.

Similar to the aforementioned method, BRL cells were
treated with or without H,0,, at 200 zmol/l for 6 h. Cells were
harvested and total proteins were extracted for western blot
analysis.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was isolated from liver tissue samples
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.)
and reverse transcribed into cDNA using the High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems;
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's instructions. Briefly, RT was conducted at 25°C for
10 min, 37°C for 120 min and 85°C for 5 min; cDNA was
stored at 4°C until further use. The RT-qPCR was performed
using SYBR®-Green PCR Master Mix and the ABI 7500
Real-time PCR system (both Applied Biosystems; Thermo
Fisher Scientific, Inc.). Primers sequences used are provided
in Table 1. f-actin was used as an endogenous control. The
RT-qPCR was performed according to the manufacturer's
instructions. Briefly, the PCR conditions included 95°C for
5 min, and a total of 40 cycles of 95°C, 60°C and 72°C for
30 sec, followed by a final extension at 72°C for 5 min. All
assays were performed three times. Relative expression levels
were then determined using the 2244 method (18).

Western blot analysis. Total proteins were extracted from
tissue samples or cells using lysis buffer containing phenyl-
methyl sulfonylfluoride (both from Beyotime Institute of
Biotechnology) at 25°C, and the protein concentration was
determined using a BCA Protein Assay kit (Beyotime Institute
of Biotechnology). On a 10% SDS-PAGE gel, 20 ug total
protein was electrophoresed, transferred onto to polyvinylidene
fluoride membranes, blocked with 5% non-fat milk for 1 h at
room temperature, and incubated with the following primary
antibodies: Anti-ZO1 (1:250; cat. no. ab59720; Abcam);
anti-occludin, (1:500; cat. no. 13409-1-AP; ProteinTech Group,
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Table I. Primer sequences.

Name Symbol Forward (5'-3") Reverse (5'-3")

[-actin ACTB ACACCCGCCACCAGTTCG CCCACGATGGAGGGGAAGA

701 TJPI1 TCGGAGCTCGGGCATTATTC CAGGGCACCATACCAACCAT
Occludin OCLN CCCTTCTTTCCTTAGGCGACC TGGGTTTGAATTCATCCGGC

Cx26 GJB2 CCACTTCTGACCAACCCAGG CTCTGGATGGTTGGCACTGT
Cx32 GJB1 GACACGCCTGCATACATTCC TCCTGCCTCATTCACACCTCC
Cx43 GJA1 TGAAAGAGAGGTGCCCAGACA CACCCCAAGCTGACTCAACA

IL-6 IL6 TCTGCCCTTCAGGAACAGCTAT TGTCAACAACATCAGTCCCAAGA
TNF-a TNF ACAGCAACTCCAGAACACCC GGAGGGAGATGTGTTGCCTC
IL-1p IL1B GCTTCCTTGTGCAAGTGTCTG AGTCAAGGGCTTGGAAGCAA

Z01, tight junction protein 1; Cx26, gap junction protein 32; Cx32, gap junction protein $1; Cx43, gap junction protein al; IL, interleukin;

TNF-a., tumor necrosis factor-a.

Inc.); anti-Cx26 (1:500; cat. no. 16960-1-AP; ProteinTech
Group, Inc.); anti-Cx43 (gap junction protein al; 1:1,000;
cat. no. 3512; Cell Signaling Technology, Inc.); anti-Cx32
(1:250; cat. no. sc-59948, Santa Cruz Biotechnology, Inc.);
and anti-B-actin (1:1,000; cat. no. sc-4778; Santa Cruz
Biotechnology, Inc.). All primary antibody incubations were
performed overnight at 4°C. The membranes were subse-
quently incubated with horseradish peroxidase-conjugated
secondary antibodies (1:8,000; cat. nos. A0216 and A0208;
Beyotime Institute of Biotechnology) for 2 h at room
temperature. Immunoreactive bands were visualized using
enhanced chemiluminescence reagent (Beyotime Institute
of Biotechnology). 3-actin was employed as an endogenous
control. Quantity One 4.6.8 (Bio-Rad Laboratories, Inc.) was
used for the quantification of expression.

Immunohistochemical staining. Liver tissue samples were
fixed with 10% neutral formalin at room temperature over-
night. ZOI expression was detected immunohistochemically
by sectioning (3-pm thickness) paraffin-embedded specimens
from the different groups. After deparaffinization and rehy-
dration of the sections, endogenous peroxidase activity was
blocked using 0.3% hydrogen peroxide. The sections were
blocked with 1% bovine serum albumin (Beyotime Institute
of Biotechnology) for 2 h at room temperature. The sections
were incubated with primary anti-ZO1 antibody (1:100;
cat. no. ab59720; Abcam) overnight at 4°C, followed by incu-
bation with appropriate horseradish peroxidase-conjugated
secondary antibodies (1:4,000; cat. no. A0208; Beyotime
Institute of Biotechnology) for 1.5 h at room temperature.
After a thorough washing, the sections were developed
using a 3,3'-diaminobenzidine kit (cat. no. P0202; Beyotime
Institute of Biotechnology) and counterstained with hema-
toxylin staining solution for 10 min at room temperature
(cat. no. C0107; Beyotime Institute of Biotechnology). Each
stained sample was observed using a light microscope (x200;
Leica Microsystems, Inc.).

Measurement of superoxide dismutase (SOD) and
malondialdehyde (MDA). Samples were homogenized and
sonicated (25°C, ~20-25 kHz, 2 sec) in cold saline to generate

5% homogenates. Aliquots of supernatants were prepared by
centrifugation (4°C, 12,000 x g, 5 min) and used for subsequent
experiments. The supernatant was assayed for protein concen-
tration using an enhanced bicinchoninic acid protein assay kit
(Beyotime Institute of Biotechnology). Both measurements of
SOD activity and MDA content in tissue homogenates were
performed in accordance with the manufacturer's instruc-
tions (cat. nos. A0O01-3-1 and A003-1-1, respectively; Nanjing
Jiancheng Bio-Engineering Institute Co., Ltd.). All assays
were performed three times.

Gelatin gel zymography. Gelatin gel zymography was performed
using a gelatin zymography assay kit (Shanghai Genmed
Pharmaceutical Technology Co., Ltd.). Briefly, gels with gelatin
were prepared in accordance with the manufacturer's instruc-
tions. After electrophoresis, gels were treated with a renaturation
buffer, a digestive buffer, a staining buffer, an eluent buffer and
a stop buffer, all supplied with the assay kit. The clear bands on
the blue background reflected the proteolytic activity of matrix
metalloproteinase (MMP)-2 and MMP-O.

Statistical analysis. Data are presented as the mean + standard
deviation. All assays were performed at least three times.
Statistical significance between two groups was determined
using the Student's t-test. One-way analysis of variance
followed by Tukey-Kramer post-hoc tests were performed
to examine differences among multiple groups. P<0.05 was
considered to indicate a statistically significant difference. All
statistical analyses were conducted using SPSS 13.0 (SPSS,
Inc., Chicago, IL, USA).

Results

AOC induces disruption of hepatocyte GJs and TJs. Firstly,
hepatic tests were used to verify liver function in the AOC
animal model. ALT, AST and TBIL levels increased rapidly
after BDL compared with those in the sham operation
group, and these were further significantly increased in the
AOC group (data not shown), which is similar to a previous
study (19) and the classical changes observed in patients with
AQOC (Table II).
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Table II. Liver function test results of the different rat models.

Sham BDL AOC
ALT, IU/ 57.50+7.46 518.83+71.86* 848.67+67.74*°
AST,1UN 77.67+£8.30 798.83+72.78* 1321.67+121.28*"

TBIL, pmol/l 10.02+1.65 46.72+12.88*  68.93£10.21**

"P<0.05 vs. sham group; °P<0.05 vs. BDL group. ALT, alanine amino-
transferase; AST, aspartate aminotransferase; TBIL, total bilirubin;
BDL, bile duct ligation; AOC, acute obstructive cholangitis.

Secondly, GJ and T mRNA and protein expression in liver
tissues were examined. RT-qPCR revealed that TJ protein
mRNA expression in the AOC group, including ZO1 and
occludin, decreased significantly compared with the BDL
and sham groups (Fig. 1A). GJ protein expression, including
Cx26 and Cx32, was also downregulated in the AOC group.
Cx43 expression, another important GJ protein, was upregu-
lated significantly in the AOC group compared with the other
groups (Fig. 1A). Western blot analysis also confirmed that
Z01, occludin, Cx26 and Cx32 expression was downregulated
in the AOC group (Fig. 1B and C). However, Cx43 protein
levels did not change, which was unexpected (Fig. 1B and C).
These results indicated that AOC induces aberrant TJ and GJ
mRNA and protein expression.

Inflammatory and oxidative damage induces disruption of
Jjunction proteins in hepatocytes. Inflammatory and oxida-
tive damage occurs across a variety of liver injuries (20,21).
Therefore, the role of inflammatory and oxidative damage in
AOC-induced liver injury was also evaluated in the present
study. The results showed that the mRNA levels of inflamma-
tory cytokines, including interleukin (IL)-6, tumor necrosis
factor-o (TNF-a) and IL-1f3, were upregulated significantly
in the AOC group compared with the other groups (Fig. 2A).
Hepatic SOD and MDA were also measured to evaluate oxida-
tive damage during AOC. Compared with the BDL group, the
AOQOC group had higher levels of MDA and lower levels of SOD
activity (Fig. 2B and C).

In vitro cell experiments were performed to further
elucidate the association between the disruption of junc-
tion proteins and inflammatory or oxidative damage. This
was performed by examining TJ and GJ protein expression
levels in cultured BRL cells after LPS or H,O, treatment,
respectively. The results showed that the expression of ZOl,
occludin, Cx26 and Cx32 was significantly downregulated
following treatment with LPS, while Cx43 expression
was upregulated (Fig. 2D). Following exposure to H,0,,
Cx32 expression did not change significantly, while ZOl,
occludin, Cx26 and Cx43 expression levels were significantly
decreased (Fig. 2E). The cell experiments showed that both
inflammatory damage and oxidative damage induced aber-
rant TJ and GJ protein expression. Notably, these changes
were similar to those observed in the livers of AOC rats.
These results indicated that aberrant TJ and GJ protein
expression during AOC may be attributed to inflammatory
and oxidative damage.
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Molecular hydrogen attenuates AOC-induced inflamma-
tory and oxidative damage. H, has been reported to exhibit
antioxidant and anti-inflammatory properties (6). Thus, the
potential protective role of H, against inflammatory and
oxidative liver damage induced by AOC was further assessed.
IL-6, TNF-a and IL-1p were analyzed to evaluate the levels
of inflammation with or without HRS administration.
The results showed that HRS administration significantly
mitigated the increase in inflammatory cytokine expres-
sion (Fig. 3A). Compared with the NS group, SOD activity
was increased in the liver tissues after administration of
HRS (Fig. 3B). Conversely, treatment with HRS significantly
lowered the levels of MDA (Fig. 3C). These results indicated
that H, may have attenuated the AOC-induced inflammatory
and oxidative damage.

H, reverses AOC-induced disruption of junction proteins
and decreases the activity of MMPs. To clarify the relation-
ship between the function of H, and the blood-biliary barrier,
GJ and TJ mRNA expression were evaluated after biliary
drainage and HRS administration. The results showed that
occludin, Cx26 and Cx32 mRNA expression were upregulated
significantly after treatment with HRS compared with rats
that received NS (Fig. 4A). The other junction proteins, ZO1
and Cx43, were not affected by either treatment (Fig. 4A).
However, the western blotting results indicated that all GJ
and TJ proteins, including ZO1 and Cx43, were upregulated
significantly following HRS administration (Fig. 4B and C).
Immunohistochemistry also confirmed that ZOI protein levels
were seemingly higher in the HRS group (Fig. 4D). The results
suggested that the disruptions to ZO1 and Cx43 were allevi-
ated by HRS treatment.

MMPs are classically known as matrix-degrading and
barrier-regulating enzymes that are involved in many physi-
ological and pathological processes (22,23). Previous studies
have shown that MMP-2 and MMP-9 are important proteins
that can degrade ZO1 and Cx43 (24,25). MMP activity has also
been reported to be regulated by oxidative stress and inflamma-
tion (20,26). The results of the gelatin gel zymography showed
that MMP-2 and MMP-9 activity in the liver decreased mark-
edly in response to treatment with HRS (Fig. 4E). Given that
MMPs can be influenced by oxidative stress (23), this result
suggested another possible mechanism for AOC-induced GJ
and TJ disruption, in addition to the observed changes in
transcription and translation.

HRS accelerates the reversal of AOC-induced liver dysfunc-
tion in rats. The role of H, as a potential treatment for
AOC-induced liver dysfunction was further evaluated. Timely
drainage and relief of obstruction are the key treatments for
patients with AOC (5). Thus, the catheter sealing caps were
removed and bile was allowed to flow out 12 h after LPS infu-
sion into the bile duct. Moreover, the animals in the various
groups were subsequently treated with HRS or NS intraperi-
toneally, and their hepatic function was evaluated. The results
showed that HRS, especially at a higher dose, potentially
accelerated the reversal of AOC-induced liver dysfunc-
tion (Table IIT). Moreover, survival statistics also indicated
that more AOC model rats survived following treatment with
HRS (Fig. 4F).
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Figure 1. AOC induces disruptions in hepatocyte GJs and TJs. (A) Reverse transcription-quantitative PCR was performed to examine the expression of GJ and
TJ genes in liver tissues from Sham, BDL and AOC rat models. The results demonstrated that AOC affected the expression level of junction genes. (B) Western
blot and (C) densitometry analyses were performed to examine the protein levels of GJ and TJ proteins in the same liver tissues from the rat models, further
corroborating the results for mRNA expression. "P<0.05 and “P<0.01 vs. sham group; "P<0.05 and *P<0.01 vs. BDL group. AOC, acute obstructive cholangitis;
BDL, bile duct ligation; ZO1, tight junction protein 1; Cx26, gap junction protein $2; Cx32, gap junction protein f§1; Cx43, gap junction protein al; GJ, gap
junction; TJ, tight junction.
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Figure 2. Inflammatory and oxidative damage arises during AOC. (A) Reverse transcription-quantitative PCR was performed to examine the expression of
pro-inflammatory cytokines in liver tissues from different rat models, demonstrating that these were increased in the BDL and AOC groups compared with the
Sham-operated group. (B) SOD levels decreased, while (C) MDA levels increased in liver tissues from animals in the BDL and AOC groups compared with the
sham-operated group. (D) Western blotting was performed to examine the expression level of gap and tight junction proteins in BRL cells with or without LPS
treatment. The protein levels following LPS treatment were similar to those observed in vivo. (E) Western blotting was performed to examine the expression
level of gap and tight junction proteins in BRL cells with or without H,0, treatment. The levels of all examined proteins, with the exception of Cx32, were
reduced following H,0, treatment. "P<0.05 and “P<0.01 vs. sham group; “P<0.05 and *#P<0.01 vs. BDL group; ¥P<0.05. AOC, acute obstructive cholangitis;
BDL, bile duct ligation; IL, interleukin; TNF-o, tumor necrosis factor-a; SOD, superoxide dismutase; MAD, malondialdehyde; ZOl, tight junction protein 1;
Cx26, gap junction protein $2; Cx32, gap junction protein 1; Cx43, gap junction protein al; LPS, lipopolysaccharide; NS, non-significant.

Table III. Liver function test results used to evaluate the degree
of liver injury with or without HRS administration in AOC

Discussion

The blood-biliary barrier is essential to maintain liver func-  model rats.

tion (1). As functional components of the blood-biliary barrier,

both TJs and GJs have been reported to be disrupted by NS HRS (5 ml’kg) HRS (10 ml/kg)

cholestasis (1,27). AOC occurs as aresult of biliary obstruction, =} v 1151 299 75,44 79 161.38+26.56° 151.14+37 39"

which causes a rapid decrease in liver function and increases X X

liver damage (5). Thus, it was speculated that AOC-induced AST, IU/I 341754397 251.63£52.53" 261.86245.95
TBIL, pmol/l 33.83+5.33  24.43+8.18 21.19+5.46

liver injury may be associated with disrupted TJs and GJs.
Unexpectedly, the present results indicated that TJs and GJs
did not change significantly after BDL, as shown in previous
studies (1,27). An acute biliary obstruction animal model was
used in the present experiments, while animal models with

“P<0.05 vs. NS group. ALT, alanine aminotransferase; AST, aspar-
tate aminotransferase; TBIL, total bilirubin; NS, normal saline;
HRS, hydrogen-rich saline.
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Figure 3. Molecular hydrogen attenuates AOC-induced inflammatory and oxidative damage. (A) The mRNA levels of pro-inflammatory cytokines were
examined to evaluate the potential inflammatory damage with or without HRS treatment in AOC model rats. Overall, HRS treatment reduced the levels of
pro-inflammatory cytokines. (B) SOD levels increased and (C) MDA levels decreased in HRS-treated animals relative to NS-treated ones, indicating that HRS
treatment may have attenuated liver damage. “P<0.05 and “P<0.01 vs. respective NS group. AOC, acute obstructive cholangitis; HRS, hydrogen-rich saline;
NS, normal saline; IL, interleukin; TNF-a, tumor necrosis factor-a; SOD, superoxide dismutase; MAD, malondialdehyde.
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Figure 4. Molecular hydrogen reverses the AOC-induced disruption of GJs and TJs. (A) Reverse transcription-quantitative PCR, (B) western blotting and
(C) respective densitometry analysis were performed to evaluate the expression of GJ and TJ proteins with or without HRS treatment in AOC model rats.
(D) Immunohistochemical staining of ZO1 (counterstained with hematoxylin) in liver tissues from AOC model animals treated with NS or different doses of
HRS, and from a control animal (magnification, x200). (E) Gelatin zymography demonstrating the downregulation of MMP-2 and MMP-9 activity following
the administration of HRS in AOC rats compared with NS-treated ones. (F) Survival rates of AOC animals that received biliary drainage and were subse-
quently treated with HRS or NS, showing that HRS treatment increased the survival rates of AOC animals. ‘P<0.05 and “P<0.01 vs. respective NS group.
AOC, acute obstructive cholangitis; HRS, hydrogen-rich saline; NS, normal saline; ZOlI, tight junction protein 1; Cx26, gap junction protein 32; Cx32, gap
junction protein 1; Cx43, gap junction protein al; MMP, matrix metalloproteinase; GJ, gap junction; TJ, tight junction.

chronic biliary obstruction were used in previous studies. =~ BDL caused a notable change in TJ and GJ] mRNA and protein
However, AOC induced in rats via LPS infusion following expression levels. Compared with simple biliary obstruction
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models, compound injury is simultaneously induced by
cholestasis and LPS, which is the most noteworthy character-
istic of AOC (5). The above results revealed that abnormally
expressed TJ and GJ proteins may have promoted the disrup-
tion of the blood-biliary barrier and worsened AOC-induced
liver injury.

Reducing excessive inflammatory and oxidative damage
may be an effective approach to accelerate the reversal of
AOC-induced liver dysfunction. Due to its anti-oxidative and
anti-inflammatory properties, H, has been reported to protect
various organs, such as the heart, lung, intestine and brain,
from injury (11,28-30). For hepatic diseases, H, has also been
found to have a protective role in a variety of injuries, such
as ischemia-reperfusion damage, drug-induced liver injury
and hepatitis (7,31). Although studies have revealed that H,
may also protect liver tissues from obstructive jaundice and
sepsis (32,33), its role in AOC, a more rapidly progressing
liver injury, remains elusive. The present results showed that
hydrogen effectively accelerated the reversal of AOC-induced
liver dysfunction in rats. Previous studies revealed that H,
attenuated postoperative liver failure and accelerated liver
regeneration after hepatectomy (34,35). Therefore, it is
possible that molecular hydrogen may have not only a protec-
tive but also a restorative role in liver injury. However, the
chemical instability of H, is still the main limitation of its
clinical application (6). Hydrogen poses no risk of explosion
in air when present at concentrations <4.6% by volume,
and hydrogen inhalation at 2% has been used in previous
studies (36-38). Due to the advantages in controlling the
dose and route of administration, administration of hydrogen
using an injectable hydrogen-rich vehicle may be a more
suitable choice for specific target organs, including the liver,
brain and pancreas (6). Future studies may provide a more
convenient and safer delivery method of hydrogen applica-
tion.

Both inflammatory and oxidative damage are common
during various liver injuries (39,40). GJ protein expres-
sion is closely associated with inflammatory and oxidative
damage (2,41,42). However, the relationship between TJ
proteins and inflammatory or oxidative damage during liver
injury remained unclear. The present results confirmed that
both inflammatory and oxidative damage induced aberrant
TJ and GJ protein expression in hepatocytes in vitro. It also
provided a possible mechanism underlying the H,-mediated
rescue of GJ and TJ protein expression, due to its reported
anti-oxidant and anti-inflammatory properties. Moreover, as
MMPs are important regulatory enzymes that may affect both
GIJ and TJ proteins (24,25), their activity levels were evalu-
ated. A number of studies have verified that junction proteins,
such as occludin, ZO1, Cx32 and Cx43, are substrates of
MMP-2/9 (24,43-46). Additionally, MMPs have been reported
to be activated by oxidative damage, mediating junction protein
cleavage (25,45). The present results showed that HRS treat-
ment may have attenuated AOC-induced inflammatory and
oxidative damage, and significantly reduced MMP-2/9 activity.
This suggests that the antioxidant and anti-inflammatory prop-
erties of H, may reverse the disruption of junction proteins by
decreasing MMP activity.

In conclusion, the present results indicated that H, may have
accelerated the reversal of AOC-induced liver dysfunction,
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and this phenomenon may depend on the reversal of inhibition
of GJ and TJ protein expression.
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