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a b s t r a c t 

Background: Hydrogen-rich saline (HRS) has antioxidative, anti-inflammatory and anti-apoptotic prop- 

erties. We investigated the effects of hydrogen on hepatic ischemia-reperfusion (I/R) and laparoscopic 

hepatectomy in swine. 

Methods: Twenty-one healthy Bama miniature pigs were randomly divided into the sham group, 

ischemia-reperfusion injury (IRI) group, HRS-5 (5 mL/kg) group, and HRS-10 (10 mL/kg) group. HRS was 

injected through the portal vein 10 min before reperfusion and at postoperative day 1, 2 and 3. The roles 

of HRS on oxidative stress, inflammatory response and liver regeneration were studied. 

Results: Compared with the IRI group, HRS treatment attenuated oxidative stress by increasing catalase 

activity and reducing myeloperoxidase. White blood cells in the HRS-10 group were reduced compared 

with the IRI group ( P < 0.01). In the HRS-10 group, interleukin-1 beta, interleukin-6 and tumor necrosis 

factor alpha, C-reactive protein and cortisol were downregulated, whereas interleukin-10 was upregu- 

lated. In addition, HRS attenuated endothelial cell injury and promoted the secretion of angiogenic cy- 

tokines, including vascular endothelial growth factor, angiopoietin-1 and angiopoietin-2. HRS elevated 

the levels of hepatocyte growth factor, Cyclin D1, proliferating cell nuclear antigen, Ki-67 and reduced 

the secretion of transforming growth factor-beta. 

Conclusions: HRS treatment may exert a protective effect against I/R and hepatectomy-induced hepatic 

damage by reducing oxidative stress, suppressing the inflammatory response and promoting liver regen- 

eration. 

© 2018 First Affiliated Hospital, Zhejiang University School of Medicine in China. Published by Elsevier 

B.V. All rights reserved. 
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Introduction 

Laparoscopic hepatectomy was first reported by Reich in the

1990 s [1] . Laparoscopic liver resection offers certain advantages,

including reduced blood loss and pain, rapid recovery and re-

duced postoperative adhesion [2–4] . The volume of the liver

is substantially reduced after partial hepatectomy, and hepatic

ischemia-reperfusion (I/R) injury is an inevitable problem [5] .

Hepatic I/R can be divided into warm I/R and cold I/R injury (IRI),

warm IRI is manifested as hepatocellular damage, while cold IRI

is mainly sinusoidal endothelial cells damage and microcircula-

tion interruption, and cold IRI is usually accompany with warm

IRI during transplantation surgery. Although many agents have

shown protective effects against liver IRI in animal models, only

a few have been tested in clinical trial. Methylprednisolone and

epoprostenol have been demonstrated to reduce oxidative damage
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nd inflammatory response induced by hepatic I/R. New modalities

or the treatment of IRI are necessary [6] , and it is also necessary

o discover a protective strategy in a model of I/R combined with

epatectomy [5,7–9] . 

In recent years, studies on hydrogen have been performed

n several diseases, such as cerebral infarction, IRI and organ

ransplantation. Besides its antioxidative, anti-inflammatory and

nti-apoptotic effects [10–12] , Ohsawa and colleagues found that

ydrogen has anti-oxidative effect by directly eliminating hydroxyl

adical and peroxynitrite [10] . Subsequent studies demonstrated

hat hydrogen regulates oxidative stress, inflammation, apopto-

is and dysmetabolism by reducing reactive oxygen species (ROS),

odulating signal transduction systems, and regulating the expres-

ion of downstream genes [13] . However, the mechanisms remain

o be elucidated. 

The hydrogen gas is membrane permeable and capable to

pread into the cytosol and organelles. Hydrogen is effective

n liver diseases, including liver IRI, nonalcoholic steatohepati-

is and acetaminophen-induced hepatotoxicity, by suppressing ox-

dative stress, inhibiting inflammation and influencing hepatic
a. Published by Elsevier B.V. All rights reserved. 
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egeneration [14,15] . Hydrogen may attenuate portal hyperperfu-

ion injury, protect the nuclear DNA, maintain ATP synthesis and

rotect the mitochondrial membrane potential [16,17] . It has been

emonstrated that hydrogen inhalation alleviates hepatic IRI. We

ave successfully applied laparoscopy to establish I/R combined

ith 50% and 70% hepatectomy models, and we examined the

ffects of hydrogen-rich saline (HRS) on endoplasmic reticulum

tress and apoptosis after liver injury [18–20] . In this study, we in-

estigated the biological effects of hydrogen on I/R combined with

epatectomy in a swine model. 

ethods 

nimals 

Twenty-one healthy Bama miniature pigs were used for this

tudy. The pigs were provided by the Bama miniature pigs Farm of

ollege of Life Sciences (Harbin, China). The pigs were housed un-

er steady temperature (20 °C) and a 12-h light/dark cycle. All an-

mals were fed piglet diet (Shenzhen Jinxinnong Feed, China) and

ap water ad libitum . This study was approved by the Animal Care

nd Use Committee of Harbin Veterinary Research Institute of the

hinese Academy of Agricultural Sciences (SQ-2017-420). 

reparation and estimation of HRS 

Hydrogen was produced from a hydrogen-generator (QL-500,

handong Success Hydrogen Energy Co., China) and dissolved

n physiological saline under 0.4 MPa pressure for 4 h. HRS was

reshly prepared every time before the surgery to ensure a hy-

rogen concentration greater than 0.6 mmol/L. The content of hy-

rogen was confirmed using a dissolved hydrogen portable meter

ENH-10 0 0, Trustlex Inc., Osaka, Japan). 

urgical procedure 

Twenty-one healthy Bama miniature pigs were randomly di-

ided into the sham group ( n = 6), IRI group ( n = 6), HRS-5 group

5 mL/kg, n = 3) and HRS-10 group (10 mL/kg, n = 6). Carbon diox-

de pneumoperitoneum was established in all three groups, and

he four-port purely laparoscopic technique was used. The sham

roup was subjected to a flipped liver lobe and no hepatectomy

as performed. In the IRI, HRS-5 and HRS-10 groups, we divided

he falciform and left triangular ligaments. After the dissection of

he cystic duct, gallbladder artery and portal vein, a tourniquet

ith needle was used to penetrate the parenchyma of the right

obe to stop the blood flow for 60 min. During hepatic ischemia,

entral venous catheters were placed through the portal vein. A

riple row of silk sutures that penetrated the parenchyma at the

oot of the left lobes. A monopolar hook electrode was used for

epatic transection, and the resected lobes were placed in a speci-

en bag and removed. In the HRS-5 and HRS-10 groups, HRS were

njected through the portal vein 10 min before reperfusion and at

ostoperative day 1, 2, and 3 (5 mL/kg and 10 mL/kg). The IRI and

ham groups were injected with the same dose of saline. Liver tis-

ues were collected by laparoscopy at preoperative and postopera-

ive day 1, 3, and 7, and blood samples were collected through the

nterior vein. 

nalysis of hepatic biochemical parameters 

Hepatic biochemical parameters such as aspartate aminotrans-

erase (AST), alanine aminotransferase (ALT), alkaline phosphatase

ALP), lactate dehydrogenase (LDH), total bilirubin (T-Bil) and to-

al protein (TP) were measured with the commercial kits (Nan-

ing Jiancheng Bioengineering Institute, Nanjing, China), according

o the manufacturer’s instructions. 
lood tests 

Blood samples were collected to test the white blood cell, neu-

rophil and lymphocyte using an automated hematology system

MEK-7222K, Nihon Kohden, Tokyo, Japan). 

evels of antioxidative enzymes and MPO in serum 

Serum samples were used to analyze the levels of antioxidative

nzymes and myeloperoxidase (MPO), catalase (CAT), glutathione

eroxidase (GSH-Px) and superoxide dismutase (SOD) activities;

alondialdehyde (MDA) and MPO concentrations were determined

sing Nanjing Jiancheng Bioengineering Institute reagents (Nanjing,

hina). 

The CAT activity was determined based on the consumption of

 2 O 2 . The GSH-Px activity was measured based on the principle

hat GSH-Px could catalyze glutathione (GSH) and H 2 O 2 into oxi-

ized glutathione (GSSG) and H 2 O. The levels of SOD were mea-

ured by the xanthine oxides method, and the MDA levels were

nalyzed by the method of thiobarbituric acid (TBA). The MPO ac-

ivity was expressed as the degrading 1 μmol of H 2 O 2 per min. All

f the procedures were performed in accordance with the manu-

acturer’s instructions. 

mmunohistochemical analysis 

Livers were removed and fixed in 4% paraformaldehyde for 48 h,

ehydrated, cleared, and embedded in paraffin. Then, 4-μm sec-

ions were blocked with 3% H 2 O 2 for 10 min and the antigens were

etrieved in a microwave for 8 min. The sections were blocked with

ovine serum albumin (BSA) and incubated with anti-proliferating

ell nuclear antigen (PCNA) (1:100, Abcam, Cambridge, UK), anti-

i-67 (Novus, Saint Charles, USA), anti-CD45 and anti-CD68 (Sany-

ng, Wuhan, China) overnight at 4 °C. After washed with PBS,

he sections were incubated with rabbit anti-goat IgG labeled

ith biotin (Beijing ZSGB-Biotechnology Co., Ltd., Beijing, China).

treptavidin labeled with horseradish peroxidase was added and

ncubated at room temperature for 20 min. The antigens were

isualized with diaminobenzidine (DAB). The sections were coun-

erstained with hematoxylin for 20 s and fixed with neutral balsam.

ections were quantified with Image-Pro Plus 6.0 software (Media

ybernetics, Silver Spring, MD, USA). 

ematoxylin-eosin staining 

Liver tissue samples were removed and fixed in 4%

araformaldehyde for 24 h, dehydrated and embedded in paraffin.

hen, 4-μm sections were stained with hematoxylin and eosin,

reated with acidic alcohol, immersed in running water, stained

ith eosin and evaluated by light microscope examination. Liver

ecrosis and vacuolar degeneration were scored by pathologists

ccording to the classification of Suzuki and Levene [21,22] . Clas-

ification of liver necrosis scores: 0, none necrosis; 1, minimal

ecrosis; 2, mild necrosis; 3, moderate necrosis; 4, severe necrosis.

lassification of vacuolar degeneration scores: 0, no vacuolation; 1,

 few vacuoles around the hepatic lobules and the central vein; 2,

alf of hepatocytes vacuolation; 3, all hepatocytes vacuolation 

LISA assays 

Interleukin-1 beta (IL-1 β , CK-E50117), interleukin-6 (IL-6, CK-

50113), interleukin-10 (IL-10, CK-E50120), tumor necrosis fac-

or alpha (TNF- α, CK-E50077), C-reactive protein (CRP, CK-

50055), cortisol (COR, CK-E50093), vascular endothelial growth

actor (VEGF, CK-E95062), angiopoietin-1 (ANG1, CK-E50049), 
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Table 1 

Gene-specific primers used for qPCR. 

Gene Primer sequence 

HGF Forward 5 ′ -TGATCAACTCAGACGGCCTA-3 ′ 
Reverse 5 ′ -AGCCCCAGCACATATTTCAG-3 ′ 

Cyclin-D1 Forward 5 ′ -AAGTGCGTGCAGAAGGAAAT-3 ′ 
Reverse 5 ′ -AGGAAGCGGTCCAGGTAGTT-3 ′ 

TGF- β Forward 5 ′ -CCGTCATTAGTGCGTCAGTTCT-3 ′ 
Reverse 5 ′ -TTGCAGCCCACAAAAAGCA-3 ′ 

TNF- α Forward 5 ′ -ACCAGCCAGGAGAGAGACAAG-3 ′ 
Reverse 5 ′ -AGCGTGTGAGAGGGAGAGAGT-3 ′ 

IL-1 β Forward 5 ′ -TCTCCAGCCAGTCTTCATTGT-3 ′ 
Reverse 5 ′ -GCCATCAGCCTCAAATAACAG-3 ′ 

IL-6 Forward 5 ′ -AGCAAGGAGGTACTGGCAGA-3 ′ 
Reverse 5 ′ -AAGACCGGTGGTGATTCTCA-3 ′ 

IL-10 Forward 5 ′ -GGGAGGATATCAAGGAGCACG-3 ′ 
Reverse 5 ′ -CTTGGAGCTTGCTAAAGGCAC-3 ′ 

β-actin Forward 5 ′ -TCTGGCAACCACACCTTCT-3 ′ 
Reverse 5 ′ -TGATCTGGGTCATCTTCTCAC-3 ′ 

HGF: hepatocyte growth factor; TGF- β: transforming growth factor-beta; TNF- α: 

tumor necrosis factor alpha; IL-1 β: interleukin-1 beta; IL-6: interleukin-6; IL-10: 

interleukin-10. 
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angiopoietin-2 (ANG-2, CK-E50047), hyaluronic acid (HA, CK-

E50088), hepatocyte growth factor (HGF, CK-E50105), Cyclin

D1(CK-E50143) and transforming growth factor-beta (TGF- β , CK-

E50076) levels were determined using an ELISA Kit (Suzhou Calvin

Biotechnology Co., Suzhou, China). 

Quantitative real-time PCR analysis of mRNA levels 

Total RNA was isolated from livers using the TRIzol reagent ac-

cording to the manufacturer’s instructions (Invitrogen, Shanghai,

China). First-strand cDNA was synthesized using the ReverTra Ace

qPCR RT Master Mix (Toyobo, Osaka, Japan). Quantitative real-time

PCR was performed on a LightCycler 480 Real-Time PCR System

(Roche Applied Science, Penzberg, Germany) in a 10-μL final reac-

tion volume containing 5 μL FastStart Universal SYBR Green Master

(Roche Applied Science, Penzberg, Germany), 1 μL cDNA, 0.3 μL of

each primer and 3.4 μL ddH 2 O. The PCR program was performed

as follows: 95 °C for 15 s; 40 cycles of 95 °C for 15 s, 60 °C for 60 s,

and 60 °C for 30 s. Primers used in the present study were synthe-

sized by Sangon Biotech (Shanghai, China) ( Table 1 ). 

Statistical analysis 

Data were reported as the mean ± standard deviation (SD). Sta-

tistical differences within each group were identified by one-way

analysis of variance (ANOVA) tests with Turkey’s post hoc test, us-

ing SPSS 18.0 (SPSS Inc., Chicago, IL, USA). A P < 0.05 was consid-

ered statistically significant. 

Results 

Effects of HRS on liver injury and function 

The levels of ALT, AST and T-Bil in serum were increased sig-

nificantly in the IRI, HRS-5 and HRS-10 groups during 6 h to day
Table 2 

Pathological score of liver. 

Groups 
Necrosis 

P value
1d 3d 7d 

IRI 2.83 ± 0.72 2.17 ± 0.75 0.67 ± 0.52 > 0.05 

HRS-10 2.33 ± 0.52 1.50 ± 0.55 0.50 ± 0.55 

IRI: ischemia-reperfusion injury; HRS: hydrogen-rich saline. 
 after surgery. After the injection of HRS through the portal vein,

he increases in serum ALT, AST and T-Bil levels were significantly

nhibited compared with those of the IRI group, and the AST and

-Bil levels in the HRS-10 group were significantly lower than

hose in the HRS-5 group at day 1 ( Fig. 1 A–C). The LDH levels

n the IRI and HRS-10 groups were significantly increased at 6 h

nd day 1 compared with that of the sham group, and LDH level

as significantly reduced after 10 mL/kg HRS treatment at day 1

ompared with the IRI group ( Fig. 1 D). In addition, ALP levels in

he IRI and HRS-10 groups were increased significantly at day 1,

hile TP levels were decreased significantly from 6 h to day 3 in

he IRI group. However, there were no significant differences in

LP and TP levels between the HRS-10 group and the IRI group

 Fig. 1 E and F). 

ffects of HRS on histopathologic changes 

Liver histopathologic changes were observed in all three groups.

iver tissues from the sham group exhibited normal liver lobule

tructures and clear hepatic cords, no hepatic injury or necro-

is was observed. However, after ischemia-reperfusion and hepa-

ectomy, livers from the IRI group demonstrated extensive hem-

rrhage at day 1 ( Fig. 1 G), the area of necrosis mainly lo-

ated in zone 2 and zone 3, few hepatocytes necrosis in zone

, and CD45 and CD68 positive cells were observed ( Fig. 2 A

nd G). Severe inflammatory cell infiltration was observed at

ay 3 ( Figs. 1 H, 2 B and H), and livers exhibited minimal hep-

tic vacuolar degeneration at day 7 ( Fig. 1 I) and few inflamma-

ory cells ( Fig. 2 C and I). In contrast, histopathologic changes fol-

owing HRS treatment included reduced hepatic edema at day

 ( Fig. 1 J and K). After treatment with HRS, the positive cells

f CD45 and CD68 were significantly less than those of the IRI

roup at day 1 and 3 ( Fig. 2 D, E, J, L–N). The portal region was

pproximately normal at day 7 ( Figs. 1 L, 2F and L). Liver histol-

gy showed that the scores of necrosis and vacuolar degenera-

ion in the HRS-10 group were lower than that in the IRI group,

ut there were no significant differences between the two groups

 Table 2 ). The results suggested that HRS reduced hepatic degener-

tion and inflammatory cell infiltration and protected against liver

njury. 

ffects of HRS on peripheral blood cells 

We used blood cell analyzer to determine the effects of HRS

n peripheral blood white blood cell, neutrophil and lymphocyte.

s shown in Table 3 , 6 h after the surgery, the increases of white

lood cell in the HRS-10 group was significantly slower compared

ith the IRI group. The IRI group displayed the most apparent

hanges among all the time points. White blood cell and lym-

hocyte counts were significantly elevated in the IRI group within

 h to day 1 after reperfusion, whereas neutrophil levels were sig-

ificantly elevated within 6 h to day 3 ( P < 0.01). After treatment

ith HRS, white blood cell counts were significantly reduced at 6 h

 P < 0.01) and day 1 compared with the IRI group ( P < 0.05). These

esults indicate that HRS plays a role in alleviating systemic injury.
 

Vacuolation 
P value 

1d 3d 7d 

2.67 ± 0.52 1.83 ± 0.41 0.83 ± 0.41 > 0.05 

2.17 ± 0.41 1.33 ± 0.52 0.33 ± 0.52 
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Fig. 1. Effects of HRS on hepatic biochemical parameters and histopathologic changes. A –F : Serum hepatic biochemical parameters ALT, AST, T-Bil, LDH, ALP and TP: G –I: 

Liver hematoxylin-eosin staining of the IRI group at day 1, 3 and 7 (original magnification × 400); J –L : Liver hematoxylin-eosin staining of the HRS-10 group at day 1, 3 and 

7 (original magnification × 400). ∗: P < 0.05, ∗∗: P < 0.01, vs. the sham group. # : P < 0.05, ## : P < 0.01, vs. the IRI group. � : P < 0.05, �� : P < 0.01, vs. the HRS-5 group. HRS: 

hydrogen-rich saline; IRI: ischemia-reperfusion injury; ALT: alanine aminotransferase; AST: aspartate aminotransferase; T-Bil: total bilirubin; LDH: lactate dehydrogenase; 

ALP: alkaline phosphatase; TP: total protein. 
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Fig. 2. HRS treatment reduces CD45 and CD68 positive cells in liver. Immunohistochemical staining of CD45 ( A –C and D –F ) and CD68 ( G –I and J –L ) in the IRI group and the 

HRS-10 group at day 1, 3 and 7 (original magnification × 400); M and N: CD45 and CD68 positive cells. ∗: P < 0.05, ∗∗: P < 0.01, vs. the sham group. # : P < 0.05, ## : P < 0.01, 

vs. the IRI group. HRS: hydrogen-rich saline; IRI: ischemia-reperfusion injury. 
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Table 3 

Effects of HRS on peripheral blood. 

Variables Sham ( n = 6) IRI ( n = 6) HRS-10 ( n = 6) 

White blood cell ( × 10 9 /L) Preoperative 19.13 ± 4.32 16.50 ± 3.95 18.68 ± 3.55 

6 h 31.20 ± 7.50 ∗ 43.73 ± 4.83 ∗∗ , � 29.45 ± 7.10 ∗ , �� 

1 d 22.03 ± 3.26 33.57 ± 10.14 ∗∗ , � 24.33 ± 5.68 � 

3 d 19.42 ± 3.91 27.08 ± 5.93 25.10 ± 4.26 

7 d 16.28 ± 2.88 20.92 ± 3.57 17.38 ± 2.91 

Neutrophil ( × 10 9 /L) Preoperative 7.85 ± 0.94 7.07 ± 1.20 6.68 ± 1.16 

6 h 18.92 ± 3.26 ∗∗ 25.78 ± 4.69 ∗∗ , �� 21.23 ± 3.94 ∗∗

1 d 14.27 ± 1.96 ∗∗ 24.25 ± 3.52 ∗∗ , �� 20.22 ± 1.04 ∗∗ , �� 

3 d 8.53 ± 3.02 17.23 ± 3.07 ∗∗ , �� 13.30 ± 0.61 ∗∗

7 d 9.27 ± 1.55 9.42 ± 1.21 8.92 ± 1.36 

Lymphocyte ( × 10 9 /L) Preoperative 7.20 ± 2.57 8.83 ± 4.57 8.18 ± 1.92 

6 h 15.23 ± 1.91 ∗∗ 21.12 ± 3.29 ∗∗ , � 15.93 ± 0.90 ∗∗

1 d 11.48 ± 1.96 18.75 ± 3.45 ∗∗ , �� 15.58 ± 3.08 ∗∗

3 d 10.87 ± 2.95 13.65 ± 1.41 10.25 ± 2.25 

7 d 7.17 ± 3.34 8.40 ± 1.54 8.70 ± 1.61 

∗ : P < 0.05, vs. preoperative at different time points; 
∗∗ : P < 0.01, vs. preoperative at different time points; 
� : P < 0.05, vs. the sham group; 
�� : P < 0.01, vs. the sham group; 
� : P < 0.05, vs. the IRI group; 
�� : P < 0.01, vs. the IRI group. HRS: hydrogen-rich saline; IRI: ischemia-reperfusion injury. 

Fig. 3. Effects of HRS-mediated reductions in oxidative stress in serum. CAT, GSH-Px, SOD and MPO activities ( A –D ) and MDA levels ( E ). The results were expressed as 

mean ± SD. ∗: P < 0.05, ∗∗: P < 0.01, vs. the sham group. CAT: catalase; GSH-Px: glutathione peroxidase; SOD: superoxide dismutase; MPO: myeloperoxidase; MDA: malondi- 

aldehyde; IRI: ischemia-reperfusion injury; HRS: hydrogen-rich saline. 
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Fig. 4. Effects of HRS on the serum inflammatory response. HRS treatment reduces the expression of pro-inflammatory cytokines IL-1 β , IL-6 and TNF- α ( A –C ), inflammatory 

mediators CRP and COR ( D and E ), and increases anti-inflammatory cytokine IL-10 ( F ) in serum. The data were expressed as mean ± SD, ∗: P < 0.05, ∗∗: P < 0.01, vs. the sham 

group. # : P < 0.05, ## : P < 0.01, vs. the IRI group. IL-1 β: interleukin-1 beta; IL-6: interleukin-6; TNF- α: tumor necrosis factor alpha; CRP: C-reactive protein; COR: cortisol; 

IRI: ischemia-reperfusion injury; HRS: hydrogen-rich saline. 
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Effects of HRS on oxidative stress 

To evaluate the effects of HRS on oxidative stress, we measured

concentrations of the antioxidant enzymes, MPO and MDA. Com-

pared with the sham group, we observed a significant CAT reduc-

tion at 6 h and day 1 ( P < 0.01) in the IRI group. The levels of CAT

were increased at 6 h after HRS treatment compared with the IRI

group ( P < 0.01, Fig. 3 A). GSH-Px levels were significantly decreased

in the IRI and HRS-10 groups at 6 h ( P < 0.01, Fig. 3 B). Moreover,

serum SOD activity was the lowest in the IRI group at 6 h, and was

significantly lower than the sham group ( P < 0.05, Fig. 3 C). Addi-

tionally, IRI combined with hepatectomy induced sharp increases

in MPO at 6 h ( P < 0.01, Fig. 3 D). MDA levels were elevated at 6 h

in the IRI group compared with the sham group ( P < 0.05, Fig. 3 E).

HRS application decreased the increases in MPO and MDA levels,

but there were no significant differences between the IRI group

and the HRS-10 group. These results indicate that HRS suppresses

oxidative stress by elevating the CAT levels and reducing the pro-

duction of MPO. 
ffects of HRS on inflammatory response 

Serum IL-1 β , IL-6 and TNF- α levels were increased during

 h to day 3 compared with the sham group ( Fig. 4 A–C). After

RS treatment, the levels of these cytokines were reduced com-

ared with the IRI group. Similarly, CRP and COR levels were sig-

ificantly reduced in the HRS-10 group compared with the IRI

roup ( Fig. 4 D and E). Moreover, IL-10 serum levels were ele-

ated and peaked at day 3 after reperfusion. HRS treatment in-

reased IL-10 levels at all time points compared with the IRI group

 Fig. 4 F). 

Moreover, TNF- α, IL-1 β , IL-6 and IL-10 mRNA expressions were

ignificantly increased in the IRI group ( P < 0.01). HRS treatment

ignificantly reduced the increased levels of TNF- α, IL-1 β , and IL-

0 mRNA expressions compared with the IRI group ( Fig. 5 A–C).

nti-inflammatory cytokine IL-10 levels were elevated after reper-

usion in both the IRI and HRS-10 groups. After HRS treatment,

L-10 mRNA expression was significantly increased compared with

hat of the IRI group at day 1 and 3 ( P < 0.01, Fig. 5 D). 
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Fig. 5. Quantitative real-time PCR analysis of inflammatory cytokines in liver tissues. HRS treatment decreases the expression of pro-inflammatory cytokines TNF- α, IL-1 β

and IL-6 mRNA ( A –C ) and increases anti-inflammatory cytokine IL-10 mRNA ( D ) in liver tissues. The data were expressed as mean ± SD, ∗: P < 0.05, ∗∗: P < 0.01, vs. the sham 

group. ## : P < 0.01, vs. the IRI group. TNF- α: tumor necrosis factor alpha; IL-1 β: interleukin-1 beta; IL-6: interleukin-6; IL-10: interleukin-10; IRI: ischemia-reperfusion injury; 

HRS: hydrogen-rich saline. 
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ffects of HRS on angiogenic factors and HA 

As shown in ( Fig. 6 ), serum levels of VEGF, ANG-1 and ANG-

 in both the IRI group and the HRS-10 group were significantly

ncreased after surgery, and peaked at day 3. VEGF and ANG-1

evels were returned to normal at day 7. HRS treatment signifi-

antly increased serum VEGF, ANG-1 and ANG-2 levels at day 3

 P < 0.01, Fig. 6 A–C). After hepatectomy, serum HA levels in the IRI

roup were significantly increased at day 1 and 3, and were signif-

cantly reduced after HRS treatment ( P < 0.01, Fig. 6 D). In addition,

he changes of angiogenic factors in the liver were similar to those

n the serum. HRS treatment significantly increased the levels of

EGE and ANG-2 at day 3, and ANG-1 levels significantly elevated

t day 1 and 3 in the HRS-10 group compared with the IRI group

 P < 0.01, Fig. 6 E–G). 

ffects of HRS on growth factors 

The mRNA and protein levels of HGF and Cyclin D1 in the IRI

roup and the HRS-10 group markedly increased at day 1 and be-

an to decrease at day 3. After treatment with HRS, the mRNA and

rotein expression of HGF in the liver was increased significantly at

ay 1–3, while Cyclin D1 was increased significantly at day 1 com-

ared with the IRI group ( P < 0.01, Fig. 7 A, B and D–E). Addition-

lly, TGF- β mRNA and protein levels were significantly elevated at

ay 1 and 3 in the IRI and HRS-10 groups. Compared with the

RI group, TGF- β levels were significantly reduced in livers with

RS treatment at day 3 ( P < 0.01, Fig. 7 C and F). These results sug-

est that HRS may regulate the expression of growth factors in the

iver. 
ffects of HRS on liver regeneration 

PCNA and Ki-67 levels ( Fig. 8 ) were increased significantly at

ay 1 and 3 after hepatectomy in the IRI and HRS groups. The

aximal PCNA and Ki-67 labeling indexes were observed in pigs

ubject to HRS treatment at day 1 and returned to normal level

t day 7. HRS treatment significantly enhanced the expression

f PCNA at day 1 and 3 compared with the IRI group ( P < 0.01,

ig. 8 M), whereas the expression of Ki-67 in the two groups

howed significant difference at day 1 ( P < 0.05, Fig. 8 N). 

iscussion 

Laparoscopic liver resection has been widely substituted for

epatic surgery with low morbidity and mortality [23] . Hepatic

RI is inevitable during hepatic surgery and is a key factor associ-

ted with postoperative hepatic failure. Our previous studies have

hown that HRS treatment attenuates apoptosis induced by hepatic

/R and hepatectomy [20] , and inhibits the activation of endoplas-

ic reticulum stress signaling pathways [19] . In the present study,

e demonstrated that HRS treatment significantly reduced ALT and

ST, and T-Bil. The HRS-10 group showed more effective liver pro-

ection than the HRS-5 group, and previous study has proved that

reatment with hydrogen gas significantly suppressed hepatic IRI

n a concentration dependent manner [17] . 

The pathophysiological process of IRI is complex and consists

f several steps. In a hepatectomy, liver function becomes insuf-

cient in the remnant liver, and IRI leads to ROS and inflam-

atory cytokines secretion, leading to hepatic necrosis [24] . Our

revious studies have shown that HRS treatment reduces apopto-

is and endoplasmic reticulum stress induced by hepatic I/R and
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Fig. 6. Effects of HRS on serum angiogenic factors. HRS treatment enhances the expression of angiogenic factors VEGF ( A and E) , ANG-1 ( B and F ) and ANG-2 ( C and G ) in 

serum and liver tissues, and reduces serum HA levels ( D ). The data were expressed as mean ± SD. ∗: P < 0.05, ∗∗: P < 0.01, vs. the sham group. ## : P < 0.01, vs. the IRI group. 

VEGF: vascular endothelial growth factor; ANG: angiopoietin; HA: hyaluronic acid; IRI: ischemia-reperfusion injury; HRS: hydrogen-rich saline. 
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hepatectomy [19,20] . Therefore, the present study investigated the

effects of HRS on liver function and regeneration in a swine model

after hepatic I/R and subsequent hepatectomy. 

The early stage of IRI is mainly caused by superoxide radicals.

The superoxide radical is catalyzed by SOD through dismutation;

its product, H 2 O 2 is converted to H 2 O and free oxygen by GSH-Px

and CAT [25] . MDA is widely accepted as a marker of lipid peroxi-

dation and plays an essential role in oxidative damage. MDA can
lter cellular membrane characteristics and indirectly reflect the

evel of oxygen radicals [11] . Hydrogen has systemic anti-oxidative

ctivity because of its effective scavenging of ROS. Previous re-

earch has reported that hydrogen may increase SOD, GSH-Px and

AT activities, restore depleted GSH and downregulate the gener-

tion of MDA [26] . In the present study, pretreatment with HRS

ncreased serum CAT, SOD and GSH-Px levels and reduced the con-
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Fig. 7. Expression of genes involved in liver regeneration. HRS treatment increases the expression of growth factors HGF ( A and D ) and Cyclin D1 ( B and E ) protein and 

mRNA in liver tissues, and inhibits the expression of TGF- β ( C and F ). The data were expressed as mean ± SD. ∗: P < 0.05, ∗∗: P < 0.01, vs. the sham group. ## : P < 0.01, vs. the 

IRI group. HGF: hepatocyte growth factor; TGF- β: transforming growth factor-beta; IRI: ischemia-reperfusion injury; HRS: hydrogen-rich saline. 
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MPO is stored primarily in polymorphonuclear neutrophils and

onocytes, plays a fundamental role in the generation of ROS

nd serves as an indicator of inflammation. The increase of MPO

eflects neutrophil infiltration. MPO is released into extracellular

uid during the inflammatory response and catalyzes H 2 O 2 into

ypochlorous acid (HClO) [27] . In the present study, serum MPO

ctivity in the HRS-10 group was lower than that in the IRI group.

e observed extensive hepatic necrosis, hemorrhage and CD45 and

D68 positive cells in the IRI group, and HRS treatment attenu-

tes hepatic damage and the inflammatory response. This finding

s supported by Guo’s study, which demonstrated that HRS therapy

educes the levels of MPO in serum and kidneys and inhibits the

elease of inflammatory mediators [28] . Regarding the increased

nflammatory reaction in serum, we observed that white blood cell,

eutrophil and lymphocyte counts were significantly increased at

 h and day 1 in the IRI and HRS-10 groups compared with pre-

perative time point. In addition, the increased total white blood

ell count in IRI swine was significantly decreased after HRS treat-

ent at 6 h and day 1. Neutrophil and lymphocyte counts were

lso reduced in the HRS-10 group. However, no significant differ-

nces were noted between the IRI group and the HRS-10 group. 
Previous studies have demonstrated that liver IRI triggers pro-

nflammatory immune responses and systemic inflammation. Hy-

rogen attenuates the impact of oxidative stress and inflammation

hat protects the liver against the injury of oxidative stress [29] .

NF- α, IL-1 β and IL-6 are biomarkers of the inflammatory reaction.

uring hepatic I/R, Kupffer cells are activated and release TNF- α
nd oxygen free radicals, whereas macrophages release IL-1 β and

L-6 [30] . A previous study reported that the excessive release of

ro-inflammatory cytokines aggravates the damage, and downreg-

lation of pro-inflammatory cytokines may alleviate IRI [31] . In the

resent study, HRS significantly reduced serum TNF- α, IL-1 β and

L-6 levels compared with the IRI group. The inhibition of inflam-

atory mediators by HRS has been reported in alcohol, doxoru-

icin and acetaminophen-induced liver injury models [26,32,33] .

oreover, similar changes in TNF- α, IL-1 β and IL-6 mRNA expres-

ions were also observed in liver tissues. Previous studies have

hown that postoperative CRP level is consistent with the magni-

ude of surgical injury, and can be used as a marker for assess-

ng postoperative inflammatory response [34,35] . Our results indi-

ate that CRP levels are significantly decreased in pigs treated with

RS, indicating that HRS can alleviate the inflammatory response,
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Fig. 8. Evaluation of liver regeneration in pigs treated with HRS (original magnification × 400). HRS treatment increases the expression of nuclear antigen PCNA and Ki-67 

proteins in liver. Immunohistochemical staining of PCNA ( A –C and D –F ) and Ki-67 ( G –I and J –L ) in the IRI group and the HRS-10 group at day 1, 3 and 7. PCNA ( M ) and 

Ki-67 ( N ) positive cell rates. The data were expressed as mean ± SD. ∗∗: P < 0.01, vs. the sham group. # : P < 0.05, ## : P < 0.01, vs. the IRI group. PCNA: proliferating cell nuclear 

antigen; HRS: hydrogen-rich saline; IRI: ischemia-reperfusion injury. 
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Fig. 9. Effects of HRS on I/R and hepatectomy. HRS: hydrogen-rich saline; IRI: ischemia-reperfusion injury. 
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s previously described in intestinal inflammation model [36] . COR

s a steroid hormone produced by the zone fasciculate. COR is re-

eased in response to stress and suppresses the immune system by

educing TNF- α and IL-1 β levels and upregulates IL-10 levels [37] .

OR is metabolized in the liver, and increased COR levels reflect

epatic damage [38] . Our study demonstrated that HRS treatment

educes COR in IRI swine. The anti-inflammatory cytokine IL-10

lays an important role during the inflammatory response. IL-10

nhibits the production of TNF- α, IL-1 β and IL-6 [39] . Consistent

ith the previous studies [40,41] , our results confirmed that HRS

reatment significantly increased IL-10 serum levels and mRNA ex-

ression in liver. 

VEGF, ANG-1 and ANG-2 are important regulators of angiogen-

sis. VEGF has been reported to play a dual role in the process of

/R. In the early stage of reperfusion, the elevation of VEGF may in-

rease vascular permeability and aggravate inflammatory response.

t the same time, VEGF can increase the blood perfusion and oxy-

en supply of ischemia tissue, making the body more easily adapt

o ischemia and hypoxia and its role in accelerating neovascular-

zation also promotes the regeneration of liver [42] . ANG-1 stimu-

ates the sprouting process of blood vessels and promotes the mat-

ration of new blood vessels, and ANG-2 plays an important role

n promoting angiogenesis when interacting with VEGF [43] . Our

esults indicate that treatment with HRS significantly upregulated

he secretion of angiogenic factors. This finding is contrary to the

ole of HRS in inhibiting pathologic corneal neovascularization in a

orneal alkali-burn model [44] , and this may be related to the inhi-

ition of the expression of inflammatory mediators by highly con-

entrated angiogenic factors [45] . Moreover, hydrogen may attenu-

te severe damage to the sinusoidal endothelial cells (SECs) of the

emnant liver after hepatectomy [16] . The uptake and elimination

f HA mainly occurs in hepatic SECs. Increasing concentrations of

erum HA reflect SECs damage [46] . In our study, the significantly

educed HA level in the HRS group indicates that hepatic SEC dam-

ge is reduced in pigs treated with HRS after I/R and hepatectomy

njury. 

Previous study has shown that treatment with hydrogen could

acilitate hepatocyte mitosis and promote liver regeneration [47] .
GF is a mitogenic agent for hepatocytes that exhibits signif-

cant effects on liver regeneration after hepatectomy [48] . HGF

timulates DNA synthesis and regulates cell growth by binding

o the c-Met receptor, which activates a tyrosine kinase signaling

ascade [49] . Moreover, Cyclin D1 is a marker for progression

hrough the G1 phase of the cell cycle. During the G1 phase, Cy-

lin D1 is synthesized rapidly and is degraded as the cell enters

nto S phase [50] . TGF- β is an important cytokine that inhibits

he proliferative response after partial hepatectomy [51] . Our study

howed that HRS treatment increased HGF and Cyclin D1 expres-

ion and reduced TGF- β levels, and Yu’s study has proved that lac-

ulose can nhance hydrogen in promoting liver regeneration [52] .

he data suggested that HRS may promote hepatocyte proliferation

fter hepatic IRI and hepatectomy. 

PCNA is an auxiliary factor of DNA polymerase that regulates

NA replication and the cell cycle. During DNA replication, PCNA

cts as a homotrimer and helps increase the processivity of lead-

ng strand synthesis. In addition, Ki-67 protein is thought to be

xclusively expressed in proliferating cells. Therefore, hepatocyte

roliferation status can be detected by labeling PCNA and Ki-67

roteins [53] . Studies have demonstrated that HRS can increase the

evels of liver PCNA and Ki-67 [11,15] . Our data showed that HRS

reatment significantly increased the expression of PCNA and Ki-67

ompared with the IRI group, consisting with the trend of regener-

tion related factors IL-6 and TNF- α. The results indicate that HRS

ay promote hepatocyte regeneration. 

In conclusion, our study demonstrates that HRS attenuates

/R and hepatectomy-induced hepatic injury via reducing oxida-

ive stress, decreasing the inflammatory response and facilitat-

ng liver regeneration. HRS reduces ROS, inflammatory cells, pro-

nflammatory cytokines and increases anti-inflammatory cytokines. 

n addition, HRS treatment attenuates ESCs damage, and promotes

ngiogenesis and hepatocyte mitosis Fig. 9 . The data indicates that

RS has a potential therapeutic effect on hepatic I/R injury and

ubsequent hepatectomy. HRS pretreatment may alleviate postop-

rative injury of liver surgery, thus HRS is a promising therapeutic

ption for extracorporeal circulation perfusion to reduce the com-

lications after liver transplantation. 



60 Y.-S. Ge et al. / Hepatobiliary & Pancreatic Diseases International 18 (2019) 48–61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acknowledgments 

The authors thank the Heilongjiang Key Laboratory for Labora-

tory Animals and Comparative Medicine, China. 

Contributors 

GYS and WHB designed the research. GYS wrote the manuscript.

GYS, ZQZ, LH and BG performed the experiments. GYS and JZH an-

alyzed the data. All authors contributed to the design and interpre-

tation of the study and to further drafts. WHB is the guarantor. 

Funding 

This study was supported by grants from the National Natural

Science Foundation of China ( 31472245 and 31772807 ). 

Ethical approval 

This study was approved by the Animal Care and Use Commit-

tee of Harbin Veterinary Research Institute of the Chinese Academy

of Agricultural Sciences (SQ-2017-420). 

Competing interest 

No benefits in any form have been received or will be received

from a commercial party related directly or indirectly to the sub-

ject of this article. 

References 

[1] Reich H , McGlynn F , DeCaprio J , Budin R . Laparoscopic excision of benign liver
lesions. Obstet Gynecol 1991;78:956–958 . 

[2] Nguyen KT , Marsh JW , Tsung A , Steel JJ , Gamblin TC , Geller DA . Comparative
benefits of laparoscopic vs open hepatic resection: a critical appraisal. Arch

Surg 2011;146:348–356 . 

[3] Farges O , Jagot P , Kirstetter P , Marty J , Belghiti J . Prospective assessment of
the safety and benefit of laparoscopic liver resections. J Hepatobiliary Pancreat

Surg 2002;9:242–248 . 
[4] Ito K , Ito H , Are C , Allen PJ , Fong Y , DeMatteo RP , et al. Laparoscopic versus

open liver resection: a matched-pair case control study. J Gastrointest Surg
2009;13:2276–2283 . 

[5] Kawai K , Yokoyama Y , Kokuryo T , Watanabe K , Kitagawa T , Nagino M .

Inchinkoto, an herbal medicine, exerts beneficial effects in the rat liver under
stress with hepatic ischemia-reperfusion and subsequent hepatectomy. Ann

Surg 2010;251:692–700 . 
[6] Zhai Y , Petrowsky H , Hong JC , Busuttil RW , Kupiec-Weglinski JW . Ischaemi-

a-reperfusion injury in liver transplantation–from bench to bedside. Nat Rev
Gastroenterol Hepatol 2013;10:79–89 . 

[7] Seki T , Yokoyama Y , Nagasaki H , Kokuryo T , Nagino M . Adipose tissue-derived

mesenchymal stem cell transplantation promotes hepatic regeneration after
hepatic ischemia-reperfusion and subsequent hepatectomy in rats. J Surg Res

2012;178:63–70 . 
[8] Ramalho FS , Alfany-Fernandez I , Casillas-Ramirez A , Massip-Salcedo M , Ser-

afín A , Rimola A , et al. Are angiotensin II receptor antagonists useful strategies
in steatotic and nonsteatotic livers in conditions of partial hepatectomy under

ischemia-reperfusion? J Pharmacol Exp Ther 2009;329:130–140 . 

[9] Selzner M , Camargo CA , Clavien PA . Ischemia impairs liver regeneration af-
ter major tissue loss in rodents: protective effects of interleukin-6. Hepatology

1999;30:469–475 . 
[10] Ohsawa I , Ishikawa M , Takahashi K , Watanabe M , Nishimaki K , Yamagata K ,

et al. Hydrogen acts as a therapeutic antioxidant by selectively reducing cyto-
toxic oxygen radicals. Nat Med 2007;13:688–694 . 

[11] Hayashida K , Sano M , Ohsawa I , Shinmura K , Tamaki K , Kimura K , et al. In-

halation of hydrogen gas reduces infarct size in the rat model of myocardial
ischemia-reperfusion injury. Biochem Biophys Res Commun 2008;373:30–35 . 

[12] Du H , Sheng M , Wu L , Zhang Y , Shi D , Weng Y , et al. Hydrogen-rich
saline attenuates acute kidney injury after liver transplantation via activating

p53-mediated autophagy. Transplantation 2016;100:563–570 . 
[13] Ichihara M , Sobue S , Ito M , Ito M , Hirayama M , Ohno K . Beneficial biological

effects and the underlying mechanisms of molecular hydrogen - comprehen-
sive review of 321 original articles. Med Gas Res 2015;5:12 . 

[14] Kawai D , Takaki A , Nakatsuka A , Wada J , Tamaki N , Yasunaka T , et al. Hy-

drogen-rich water prevents progression of nonalcoholic steatohepatitis and ac-
companying hepatocarcinogenesis in mice. Hepatology 2012;56:912–921 . 

[15] Zhang JY , Song SD , Pang Q , Zhang RY , Wan Y , Yuan DW , et al. Hydrogen-rich
water protects against acetaminophen-induced hepatotoxicity in mice. World J

Gastroenterol 2015;21:4195–4209 . 
[16] Xiang L , Tan JW , Huang LJ , Jia L , Liu YQ , Zhao YQ , et al. Inhalation of hydrogen
gas reduces liver injury during major hepatotectomy in swine. World J Gas-

troenterol 2012;18:5197–5204 . 
[17] Fukuda K , Asoh S , Ishikawa M , Yamamoto Y , Ohsawa I , Ohta S . Inhalation of

hydrogen gas suppresses hepatic injury caused by ischemia/reperfusion
through reducing oxidative stress. Biochem Biophys Res Commun

2007;361:670–674 . 
[18] Zhang H , Liu T , Wang Y , Liu HF , Zhang JT , Wu YS , et al. Laparoscopic left hep-

atectomy in swine: a safe and feasible technique. J Vet Sci 2014;15:417–422 . 

[19] Li H , Bai G , Ge Y , Zhang Q , Kong X , Meng W , et al. Hydrogen-rich saline pro-
tects against small-scale liver ischemia-reperfusion injury by inhibiting endo-

plasmic reticulum stress. Life Sci 2018;194:7–14 . 
[20] Zhang Q , Ge Y , Li H , Bai G , Jiao Z , Kong X , et al. Effect of hydrogen-rich saline

on apoptosis induced by hepatic ischemia reperfusion upon laparoscopic hep-
atectomy in miniature pigs. Res Vet Sci 2018;119:285–291 . 

[21] Suzuki S , Toledo-Pereyra LH , Rodriguez FJ , Cejalvo D . Neutrophil infiltration as

an important factor in liver ischemia and reperfusion injury. Modulating ef-
fects of FK506 and cyclosporine. Transplantation 1993;55:1265–1272 . 

[22] Levene AP , Kudo H , Armstrong MJ , Thursz MR , Gedroyc WM , Anstee QM ,
et al. Quantifying hepatic steatosis - more than meets the eye. Histopathology

2012;60:971–981 . 
[23] Kang SH , Kim KH , Shin MH , Yoon YI , Kim WJ , Jung DH , et al. Surgical outcomes

following laparoscopic major hepatectomy for various liver diseases. Medicine

(Baltimore) 2016;95:e5182 . 
[24] Grace PA . Ischaemia-reperfusion injury. Br J Surg 1994;81:637–647 . 

[25] Liu L , Liu C , Hou L , Lv J , Wu F , Yang X , et al. Protection against is-
chemia/reperfusion-induced renal injury by co-treatment with erythropoietin

and sodium selenite. Mol Med Rep 2015;12:7933–7940 . 
[26] Lin CP , Chuang WC , Lu FJ , Chen CY . Anti-oxidant and anti-inflammatory effects

of hydrogen-rich water alleviate ethanol-induced fatty liver in mice. World J

Gastroenterol 2017;23:4 920–4 934 . 
[27] Klebanoff SJ . Myeloperoxidase: friend and foe. J Leukoc Biol 2005;77:598–625 .

[28] Guo SX , Fang Q , You CG , Jin YY , Wang XG , Hu XL , et al. Effects of hydrogen-rich
saline on early acute kidney injury in severely burned rats by suppressing

oxidative stress induced apoptosis and inflammation. J Transl Med 2015;13:
183 . 

[29] Vardanian AJ , Busuttil RW , Kupiec-Weglinski JW . Molecular mediators of liver

ischemia and reperfusion injury: a brief review. Mol Med 2008;14:337–345 . 
[30] Huang HL , Wang YJ , Zhang QY , Liu B , Wang FY , Li JJ , et al. Hepatoprotective

effects of baicalein against CCl 4 -induced acute liver injury in mice. World J
Gastroenterol 2012;18:6605–6613 . 

[31] Li Y , Li T , Qi H , Yuan F . Minocycline protects against hepatic is-
chemia/reperfusion injury in a rat model. Biomed Rep 2015;3:19–24 . 

[32] Gao Y , Yang H , Fan Y , Li L , Fang J , Yang W . Hydrogen-rich saline attenuates

cardiac and hepatic injury in doxorubicin rat model by inhibiting inflammation
and apoptosis. Mediat Inflamm 2016;2016:1320365 . 

[33] Zhang JY , Song SD , Pang Q , Zhang RY , Wan Y , Yuan DW , et al. Hydrogen-rich
water protects against acetaminophen-induced hepatotoxicity in mice. World J

Gastroenterol 2015;21:4195–4209 . 
[34] Sjowall C , Wettero J . Pathogenic implications for autoantibodies against C-re-

active protein and other acute phase proteins. Clin Chim Acta 2007;378:
13–23 . 

[35] Watt DG , Horgan PG , McMillan DC . Routine clinical markers of the magnitude

of the systemic inflammatory response after elective operation: a systematic
review. Surgery 2015;157:362–380 . 

[36] Hong S , Shang Q , Geng Q , Yang Y , Wang Y , Guo C . Impact of hypertonic saline
on postoperative complications for patients undergoing upper gastrointestinal

surgery. Medicine (Baltimore) 2017;96:e6121 . 
[37] Coutinho AE , Chapman KE . The anti-inflammatory and immunosuppressive ef-

fects of glucocorticoids, recent developments and mechanistic insights. Mol

Cell Endocrinol 2011;335:2–13 . 
[38] McNeilly AD , Macfarlane DP , O’Flaherty E , Livingstone DE , Mitic T , Mc-

Connell KM , et al. Bile acids modulate glucocorticoid metabolism and
the hypothalamic-pituitary-adrenal axis in obstructive jaundice. J Hepatol

2010;52:705–711 . 
[39] Hutchins AP , Diez D , Miranda-Saavedra D . The IL-10/STAT3-mediated anti-in-

flammatory response: recent developments and future challenges. Brief Funct

Genom 2013;12:4 89–4 98 . 
[40] Shi Q , Liao KS , Zhao KL , Wang WX , Zuo T , Deng WH , et al. Hydrogen-rich

saline attenuates acute renal injury in sodium taurocholate-induced severe
acute pancreatitis by inhibiting ROS and NF- κB pathway. Med Inflamm

2015;2015:685043 . 
[41] Guo SX , Jin YY , Fang Q , You CG , Wang XG , Hu XL , et al. Beneficial effects

of hydrogen-rich saline on early burn-wound progression in rats. PLoS One

2015;10:e0124897 . 
[42] Tsurui Y , Sho M , Kuzumoto Y , Hamada K , Akashi S , Kashizuka H , et al. Dual

role of vascular endothelial growth factor in hepatic ischemia-reperfusion in-
jury. Transplantation 2005;79:1110–1115 . 

[43] Fagiani E , Christofori G . Angiopoietins in angiogenesis. Cancer Lett
2013;328:18–26 . 

[44] Kubota M , Shimmura S , Kubota S , Miyashita H , Kato N , Noda K , et al. Hydro-

gen and N-acetyl-L-cysteine rescue oxidative stress-induced angiogenesis in a
mouse corneal alkali-burn model. Invest Ophthalmol Vis Sci 2011;52:427–433 .

[45] Lee SH , Kim KW , Min KM , Kim KW , Chang SI , Kim JC . Angiogenin reduces
immune inflammation via inhibition of TANK-binding kinase 1 expression in

human corneal fibroblast cells. Med Inflamm 2014;2014:861435 . 

http://dx.doi.org/10.13039/501100001809
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0001
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0001
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0001
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0001
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0001
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0002
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0002
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0002
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0002
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0002
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0002
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0002
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0003
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0003
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0003
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0003
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0003
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0003
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0004
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0004
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0004
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0004
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0004
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0004
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0004
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0004
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0005
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0005
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0005
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0005
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0005
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0005
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0005
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0006
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0006
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0006
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0006
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0006
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0006
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0007
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0007
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0007
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0007
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0007
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0007
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0008
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0008
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0008
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0008
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0008
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0008
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0008
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0008
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0009
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0009
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0009
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0009
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0010
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0010
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0010
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0010
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0010
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0010
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0010
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0010
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0011
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0011
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0011
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0011
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0011
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0011
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0011
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0011
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0012
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0012
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0012
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0012
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0012
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0012
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0012
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0012
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0013
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0013
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0013
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0013
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0013
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0013
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0013
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0014
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0014
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0014
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0014
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0014
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0014
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0014
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0014
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0015
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0015
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0015
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0015
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0015
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0015
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0015
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0015
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0016
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0016
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0016
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0016
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0016
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0016
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0016
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0016
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0017
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0017
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0017
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0017
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0017
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0017
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0017
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0018
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0018
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0018
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0018
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0018
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0018
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0018
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0018
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0019
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0019
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0019
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0019
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0019
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0019
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0019
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0019
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0020
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0020
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0020
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0020
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0020
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0020
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0020
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0020
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0021
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0021
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0021
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0021
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0021
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0022
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0022
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0022
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0022
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0022
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0022
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0022
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0022
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0023
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0023
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0023
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0023
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0023
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0023
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0023
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0023
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0024
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0024
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0025
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0025
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0025
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0025
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0025
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0025
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0025
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0025
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0026
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0026
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0026
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0026
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0026
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0027
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0027
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0028
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0028
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0028
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0028
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0028
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0028
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0028
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0028
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0029
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0029
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0029
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0029
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0030
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0030
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0030
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0030
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0030
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0030
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0030
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0030
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0031
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0031
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0031
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0031
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0031
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0032
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0032
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0032
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0032
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0032
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0032
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0032
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0033
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0033
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0033
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0033
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0033
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0033
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0033
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0033
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0034
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0034
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0034
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0035
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0035
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0035
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0035
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0036
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0036
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0036
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0036
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0036
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0036
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0036
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0037
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0037
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0037
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0038
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0038
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0038
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0038
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0038
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0038
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0038
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0038
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0039
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0039
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0039
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0039
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0040
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0040
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0040
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0040
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0040
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0040
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0040
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0040
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0041
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0041
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0041
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0041
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0041
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0041
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0041
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0041
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0042
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0042
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0042
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0042
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0042
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0042
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0042
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0042
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0043
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0043
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0043
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0044
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0044
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0044
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0044
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0044
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0044
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0044
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0044
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0045
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0045
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0045
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0045
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0045
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0045
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0045


Y.-S. Ge et al. / Hepatobiliary & Pancreatic Diseases International 18 (2019) 48–61 61 

[  

 

 

 

[  

 

[  

 

[  

 

 

[  

[  

 

 

46] Eriksson S , Fraser JR , Laurent TC , Pertoft H , Smedsrod B . Endothelial cells are
a site of uptake and degradation of hyaluronic acid in the liver. Exp Cell Res

1983;144:223–228 . 
[47] Zhang JY , Song SD , Pang Q , Zhang RY , Wan Y , Yuan DW , et al. Hydrogen-rich

water protects against acetaminophen-induced hepatotoxicity in mice. World J
Gastroenterol 2015;21:4195–4209 . 

48] Borude P , Edwards G , Walesky C , Li F , Ma X , Kong B , et al. Hepatocyte-specific
deletion of farnesoid X receptor delays but does not inhibit liver regeneration

after partial hepatectomy in mice. Hepatology 2012;56:2344–2352 . 

49] Johnson M , Koukoulis G , Matsumoto K , Nakamura T , Iyer A . Hepatocyte growth
factor induces proliferation and morphogenesis in nonparenchymal epithelial

liver cells. Hepatology 1993;17:1052–1061 . 
50] Albrecht JH , Hansen LK . Cyclin D1 promotes mitogen-independent cell cycle
progression in hepatocytes. Cell Growth Differ 1999;10:397–404 . 

[51] Thenappan A , Li Y , Kitisin K , Rashid A , Shetty K , Johnson L , et al. Role of trans-
forming growth factor beta signaling and expansion of progenitor cells in re-

generating liver. Hepatology 2010;51:1373–1382 . 
52] Yu J , Zhang W , Zhang R , Ruan X , Ren P , Lu B . Lactulose accelerates liver regen-

eration in rats by inducing hydrogen. J Surg Res 2015;195:128–135 . 
53] Bologna-Molina R , Mosqueda-Taylor A , Molina-Frechero N , Mori-Estevez AD ,

Sánchez-Acuna G . Comparison of the value of PCNA and Ki-67 as markers

of cell proliferation in ameloblastic tumors. Med Oral Patol Oral Cir Bucal
2013;18:e174–e179 . 

http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0046
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0046
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0046
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0046
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0046
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0046
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0047
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0047
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0047
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0047
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0047
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0047
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0047
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0047
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0048
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0048
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0048
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0048
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0048
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0048
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0048
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0048
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0049
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0049
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0049
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0049
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0049
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0049
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0050
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0050
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0050
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0051
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0051
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0051
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0051
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0051
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0051
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0051
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0051
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0052
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0052
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0052
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0052
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0052
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0052
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0052
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0053
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0053
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0053
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0053
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0053
http://refhub.elsevier.com/S1499-3872(18)30267-4/sbref0053

	Hydrogen-rich saline protects against hepatic injury induced by ischemia-reperfusion and laparoscopic hepatectomy in swine
	Introduction
	Methods
	Animals
	Preparation and estimation of HRS
	Surgical procedure
	Analysis of hepatic biochemical parameters
	Blood tests
	Levels of antioxidative enzymes and MPO in serum
	Immunohistochemical analysis
	Hematoxylin-eosin staining
	ELISA assays
	Quantitative real-time PCR analysis of mRNA levels
	Statistical analysis

	Results
	Effects of HRS on liver injury and function
	Effects of HRS on histopathologic changes
	Effects of HRS on peripheral blood cells
	Effects of HRS on oxidative stress
	Effects of HRS on inflammatory response
	Effects of HRS on angiogenic factors and HA
	Effects of HRS on growth factors
	Effects of HRS on liver regeneration

	Discussion
	Acknowledgments
	Contributors
	Funding
	Ethical approval
	Competing interest
	References


