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Inhalation of molecular hydrogen prevents ischemia-reperfusion
liver damage during major liver resection
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Background: Liver resection is a surgical procedure associated with a high risk of hepatic failure that
can be fatal. One of the key mechanisms involves ischemia-reperfusion damage. Building on the well-
known positive effects of hydrogen at mitigating this damage, the goal of this work was to demonstrate the
antioxidant, anti-inflammatory, and anti-apoptotic effects of inhaled hydrogen in domestic pigs during major
liver resection.

Methods: The study used a total of 12 domestic pigs, 6 animals underwent resection with inhaled
hydrogen during general anesthesia, and 6 animals underwent the same procedure using conventional,
unsupplemented, general anesthesia. Intraoperative preparation of the left branch of the hepatic portal vein
and the left hepatic artery was performed, and a tourniquet was applied. Warm ischemia was induced for
120 minutes and then followed by liver reperfusion for another 120 minutes. Samples from the ischemic and
non-ischemic halves of the liver were then removed for histological and biochemical examinations.

Results: An evaluation of histological changes was based on a numerical expression of damage based on the
Suzuki score. Liver samples in the group with inhaled hydrogen showed a statistically significant reduction
in histological changes compared to the control group. Biochemical test scores showed no statistically
significant difference in hepatic transaminases, alkaline phosphatase (ALP), lactate dehydrogenase (LD), and
lactate. However, a surprising result was a statistically significant difference in gamma-glutamyl-transferase
(GMT). Marker levels of oxidative damage varied noticeably in plasma samples.

Conclusions: In this experimental study, we showed that inhaled hydrogen during major liver resection
unquestionably reduced the level of oxidative stress associated with ischemia-reperfusion damage. We
confirmed this phenomenon both histologically and by direct measurement of oxidative stress in the

organism.
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Introduction

One of the key mechanisms in the development of liver
dysfunction is ischemia-reperfusion damage, which consists
of two phases, an initial phase, and a late phase. In the
initial phase, which occurs during the first two hours
after reperfusion, Kupffer’s cells, stimulated by ischemia,
produce a number of reactive oxygen species (ROS) that
lead to acute hepatocellular damage. In the late phase,
which starts 6 hours after reperfusion, neutrophils, also a
well-known source of ROS, accumulate in the liver, and
further exacerbate liver damage. Furthermore, disruption
of the respiratory chain in the mitochondria of hepatocytes
and the endothelial cells of the sinusoids lead to additional
formation of ROS in the initial phase of ischemia-
reperfusion liver damage (1). In addition, prolonged warm
liver ischemia exacerbates the development of oxidative
stress during reperfusion; therefore, ischemic-reperfusion
damage caused by oxidative stress has received considerable
attention in both laboratory and clinical research (2-5).

Although the cause of ischemia-reperfusion damage
is multifactorial and certainly involves hypoxia, the
inflammatory response and free oxygen radical damage
(more formally ROS-see below), and ROS (1,2,4-6).

ROS include both free radicals and substances that are
not free radicals—therefore, the term “reactive oxygen
species” is more accurate and correct than “free radical”. A
free radical is any chemical entity, atom, molecule, or ion
that has at least one unpaired electron in its outer electron
shell, making it highly reactive and, in so doing, capable of
independent existence.

The hydroxyl radical (HO") is the most reactive ROS,
which makes it extremely toxic. It originates in the presence
of transition metal ions (Fe’*, Cu"), as a product of the
reduction of H,0O, in the Fenton reaction, or from the
Haber-Weiss reaction in which superoxide anion (O,™)
reacts with hydrogen peroxide (H,0,) (1). The search
for scavengers, which selectively react with the hydroxyl
radical, is very important since superoxide anion and
hydrogen peroxide are eliminated by natural antioxidant
mechanisms—superoxide dismutase, peroxidase, and
glutathione peroxidase. Nevertheless, no enzyme can
eliminate the hydroxyl radical.

Recent and extensive research in this direction has shown
the potential of molecular hydrogen (H,) as a promising
antioxidant. Although hydrogen has been known as a
gaseous element for approximately 250 years, its ability to
react with ROS (more precisely with hydroxyl radicals—
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HQO") in vivo and in vitro was only discovered in 2007 (7).
Molecular hydrogen is able to react selectively with hydroxyl
radicals to form water.

Molecular hydrogen is colorless, tasteless, and odorless and
is highly explosive in mixtures with oxygen (at concentrations
between 4-75% by volume) (8). Safe mixtures with oxygen
exist below hydrogen concentrations of 4% by volume; in
most experiments, half the concentration (2%) is generally
used (7,9). In the body, hydrogen is completely inert and has
no toxic effects, even during multi-hour exposure.

Since hydrogen is approximately four times more fat-
soluble than water, it penetrates very quickly through all
biological membranes, including subcellular organelles.
This is its great advantage compared to other antioxidants.
During continuous inhalation of a 2% H, mixture, a
concentration of about 8 pmol/L was established in intra-
and extracellular fluid compartments after approximately
45 minutes. This concentration is maintained throughout
the entire inhalation period. Hydrogen is then eliminated
by exhalation with a half-life of 8-10 minutes (8,10-15).
Inhalation appears to be the most appropriate method
due to the rapid saturation of the organism and the easy
maintenance of steady levels during surgical procedures.

From a surgical point of view, the protective effect during
large liver resections and liver transplants is particularly
important. Liver resection is a high-risk surgery that is
associated with severe complications. The most serious is
liver failure during the postoperative period, which can
be fatal. One of the key mechanisms associated with liver
dysfunction is ischemia-reperfusion damage. In light of new
information regarding the positive effects of hydrogen in
various clinical trials over the last 10 years, it is reasonable
to evaluate its potential in a clinically relevant model of
hemi-hepatectomy, where the positive effects could be
particularly advantageous.

In the previously published studies, small laboratory
animals were used almost exclusively, and only selected
histological and biochemical parameters were assessed.
To date, there have been no published studies using large
laboratory animals followed by a comprehensive evaluation
of ischemia-reperfusion liver damage using histological
and biochemical markers, including markers of oxidative
stress, which can be used in experimental research to assess
oxidative damage at the molecular level.

Therefore, the aim of this work was to demonstrate the
positive antioxidant, anti-inflammatory, and anti-apoptotic
effect of inhaled hydrogen on domestic pigs during
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large liver resection, using histological and biochemical
examinations and examination of oxidative damage markers.

Methods
Model of ischemia-reperfusion liver damage

The model used a total of 12 domestic female pigs (Sus
scrofa f. domestica), weighing 30-35 kg. All animals received
humane care according to the criteria outlined in the Guide
for the Care and Use of Laboratory Animals prepared by
the National Academy of Sciences and published by the
National Institutes of Health (NIH publication 86-23
revised 1985). Animal health certificates were delivered, the
animals were completely healthy, with no signs of infectious
disease, and they were examined by a vet prior to inclusion
in the study. The animals were kept under standard
conditions. Before the experiments, the animals were first
acclimated to reduce the influence of transport and handling
stress on the results of the study.

The 12 animals were randomly divided into two groups,
6 animals underwent the surgical procedure, which included
inhaled hydrogen during general anesthesia. The second
group of 6 animals underwent the same procedure without
inhaled hydrogen and served as the control group.

General anesthesia

The animals were pre-treated with an intramuscular
mixture of ketamine (Narkamon, Spofa, Czech Republic)
at a dose of 30 mg/kg of live weight, azaperone (Stresnil,
Janssen Pharmaceutics, Belgium) at a dose of 40 mg/kg,
and atropine (Atropin Biotics A.U. V, Biotics, Slovakia)
at a dose of 0.05 mg/kg of live weight. The animals were
then cannulated to the ear vein, and general anesthesia
was initiated using propofol (Propofol, Fresenius Kabi, Bad
Homburg, Germany) at a dose of 2 mg/kg until the onset
of effect. Next, the animals were intubated with a tracheal
cannula (size 7.5), and maintained in total inhalation
anesthesia with a mixture of isoffurane (Aerrane, Baxter S.A.,
Lessines, Belgium) +40% O, +58-60% N, (+2% molecular
hydrogen was added to the intervention group). In addition,
and under ultrasound control, the femoral artery was
cannulated (Arrow 18G, length 16 cm, Teleflex, Athlon,
Co. Westmeath, Ireland) for sampling and peri-operative
monitoring. During anesthesia, the animals received
pancuronium (Arduan, Gedeon RichterPlc., Budapest,
Hungary), as a muscle relaxant, at a dose of 0.05 mg/kg
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(initial bolus), and then maintained with 0.01 mg/kg/hour
continuous drip. At the end of the experiment, the animals
were painlessly euthanized (using intravenous T61, Intervet
International B.V., Boxmeer, The Netherlands).

Hydrogen inbalation

The animals in the intervention group were given a well-
defined mixture of oxygen, nitrogen, and hydrogen in
pressure cylinders supplied by the SIAD Czech Inc. (Prague,
Czech Republic) in a ratio of 40% O, +58% N, +2% H,,
from induction of general anesthesia throughout the entire
period of surgery and until the end of the experiment. The
gas mixture was supplied to the anesthesia machine using a
compressed air inlet, and the oxygen supply was switched
off. The gas flow into the closed-circuit machine was set
to 1 liter per minute. This mixture was safe and explosion-
proof even in high-pressure bottles. This approach ensured
a concentration of dissolved hydrogen of about 8-10 pmol/L
in all body tissues according to previous research (Ono ez 4.
2012) (16).

Surgery

Intraoperatively, a middle laparotomy and preparation of
the left branch of the hepatic portal vein and the left hepatic
artery were carried out, and a tourniquet was applied to
both vessels, thus achieving complete warm ischemia of
the left lobes of the liver. Ischemia was verified visually by
a change in the liver color to dark purple. The duration of
warm ischemia was 120 minutes. Then the tourniquet was
released, followed by reperfusion of the liver for another
120 minutes. Thereafter, samples of liver tissue from
ischemic and non-ischemic halves of the liver were taken,
and the surgery was terminated.

Sampling

In the course of the experiment, each animal had blood
taken from the femoral artery four times, i.e., (I) during
induction of general anesthesia before intubation; (II) before
the hepatoduodenal ligament clamp; (III) after 2 hours of
hepatic parenchyma ischemia; and (IV) after 2 hours of
reperfusion. For each blood collection, 6 mL of blood was
withdrawn into a lavender-topped tube (with EDTA) and
3.5 mL of blood into a gold-topped SST (serum-separating
tube).
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Table 1 Scores used to assess the degree of hepatic damage from
ischemia-reperfusion syndrome

Sinusoidal ) Necrosis of
Score . Vacuolation

congestion hepatocytes
0 No No No
1 Minimum Minimum Individual cells
2 Light Light <30%
3 Medium Medium 30-60%
4 Severe Severe >60%

Table 2 Overview of markers and changes of in measurable levels
associated with oxidative damage

Reaction during

Abbreviation Full name oxidative stress
GSH Glutathione U
NP-SH Non-protein thiols U
G-SS-NP Glutathione-mixed )
disulfides

NP-SS-NP Non-protein disulfides
MDA Malondialdehyde
3-NT 3-nitrotyrosin

Blood sampling

The EDTA tube was spun at 4,150 rpm for 10 min on
a HERMLE Z206A centrifuge (Hermle AG, Gosheim,
Germany), and then, with the pipette, 0.25 mL of plasma
was withdrawn to test for lactate, and 1.5 mL of plasma was
used to test for markers of oxidative stress. The plasma was
initially frozen at -18 °C. Some plasma was examined for
lactate, and the remainder was stored in a freezer at -80 °C;
markers of oxidative stress were later measured in bulk.
The blood-clotting tube was spun in the same way,
cooled, and subsequently, the values of ALT, AST, ALP,
GMT, LD, total protein, and albumin were determined. In
addition, based on research by Vaubourdolle et 4/. [1993], we
determined the level of creatine kinase, subtype BB. In the
article, the authors state that sinusoid damage plays a key
role in primary liver dysfunction after liver transplantation.
However, since there is no simple biochemical marker
for this damage, it is suggested that the levels of creatine
kinase BB can be used, which is mainly found in the heart
endothelium, and to a lesser extent in sinusoid endothelium,
and Kupffer (stellate macrophages) and hepatic stellate
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(Ito) cells. BB creatine kinase is not present in hepatocytes,
which contain mitochondrial creatine kinase (17).

Collection of liver tissue

At the end of reperfusion, liver samples from the ischemic
(left) and non-ischemic (right) liver lobe were taken. Half
of the samples from each lobe were immediately frozen
in liquid nitrogen at a temperature of about -196 °C;
subsequently, the samples were used to measure markers of
oxidative stress. The other half of the samples were fixed in
10% formaldehyde solution and subsequently processed for
histological analysis.

Histological examination

After fixation in formalin, the samples of liver tissue were
embedded in paraffin. Paraffin cuts of 4 micrometers were
colored with hematoxylin-eosin and observed under a light
microscope. The degree of ischemia-reperfusion liver
tissue damage was evaluated in individual sections using
the Suzuki classification (18,19), in which the extent of
sinusoidal congestion, vacuolation (balloon degeneration),
and hepatocyte necrosis were expressed as a numerical
score from 0 to 4, which allowed liver tissue damage to be
assessed semi-quantitatively (see Table I).

Examination of oxidative damage markers

Malondialdehyde (MDA) is a widely recognized marker of
oxidative damage. It is an indicator of lipid peroxidation
by hydroperoxyl and hydroxyl radicals. Additionally,
3-nitrotyrosine (3-NT) can be used as a marker of protein
nitration by reactive forms of nitrogen. We were also able
to measure oxidative damage indirectly by measuring the
activity of antioxidant mechanisms in the organism and
their products. Glutathione (GSH) and non-protein thiols
(NP-SH) absorb ROS and are consumed in response to
oxidative damage; therefore, their levels decreased with
increased oxidative stress. On the other hand, the levels of
their reactive by-products, glutathione-mixed disulfides
(G-SS-NP) and non-protein disulfides (NP-SS-NP),
increased during oxidative damage. The names of the
markers are based on a study by Chen er 4/. [2008] (20) (see
Table 2). Oxidative damage markers were measured both in
serum and in liver tissue.

Hepatic homogenate
Liver homogenates were prepared by adding a 10 mmol of
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Figure 1 Comparison of scores of hepatic impairments using
Suzuki scores with the use of a two-way analysis of variance
(ANOVA). Left, left lobe of the liver; Right, right lobe of the
liver; Hydrogen, intervention group; No hydrogen, control group.
Liver samples in the intervention group using hydrogen showed
statistically significantly fewer histological changes compared to
the control group (hydrogen x no hydrogen, P=0.024). These
differences are demonstrable both in the non-ischemic lobes and
the ischemic lobes (left x right, P=0.006).

saline phosphate buffer solution (PBS tablet, Sigma-Aldrich,
Saint Louis, USA), pH 7.4, in a ratio of 7 mL PBSto 1 g
of liver tissue. The liver tissue in the PBS solution was first
processed using a T 25 digital ULTRA-TURRAX dispersive
device (IKA-Werke GmbH & Co. KG, Staufen, Germany)
for 30 seconds and then ultrasonic homogenization using a
UP50H Compact Lab Homogenizer (Hielscher Ultrasonics,
Teltow, Germany) for 5 minutes. The homogenate formed
was centrifuged using a Hettich UNIVERSAL 320/320 R
centrifuge (Hielscher Ultrasonics, Teltow, Germany)
at 10,000x g at 4 °C for 30 minutes and the resulting
supernatant was processed using chromatographic analysis.
MDA and 3-NT were assessed using liquid
chromatography-tandem mass spectrometry (LC-MS/
MS), with 25 pL of serum/supernatant diluted with water
(AquaOsmotic, Tisnov, Czech Republic) to 250 pL.
Glutathione (GSH) NP-SH, glutathione-mixed (G-SS-NP),
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and non-protein disulfides (NP-SS-NP) were determined
from 100 pL of serum/supernatant using HPLC-UV/VIS.
The samples were further modified and analyzed under
conditions described by Vanova et 4. [2018] (21).

Statistical analysis

Data obtained from all measurements are expressed as
medians (quartile Q s, quartile Q,,s) or mean + standard
deviation in international units. The data were evaluated
using one-way or two-way variance analysis (ANOVA) using
SigmaStat software (Systat Software, San Jose, CA, USA),
and the level of statistical significance was set at P<0.05.
Histological samples were evaluated semi-quantitatively
using Suzuki scores, and all were assessed by the same
pathologist.

Results

A total of 12 laboratory animals (domestic pigs) were
included in this study, and the animals were randomly divided
into two groups of 6 animals (intervention group and control
group). The average weight of animals was 32.5+2.2 kg. The
average surgery time from the cutaneous incision up to the
tourniquet placed on the left branch of the portal vein and
the left hepatic artery was 30+7.2 minutes.

Histological examination

The evaluation of histological changes caused by ischemia-
reperfusion damage was based on the degree of sinusoidal
congestion, vacuolation (balloon degeneration), and
hepatocyte necrosis, followed by numerical expression of
the severity of the damage according to the Suzuki score. A
two-way analysis of variance (ANOVA) was calculated with
the following factors, “intervention group” (n=6) vs. “control
group” (n=6) and “left (ischemic) lobe” (n=6) vs. “right (non-
ischemic) lobe” (n=6). The average Suzuki score for left
lobes was 1.000£0.274 (left x hydrogen) in the intervention
group, compared to 1.667+0.274 in the control group (left x
no hydrogen), which corresponds to a difference in average
values of 66.7%. In right (non-ischemic) lobes, the mean
Suzuki score was 0.167+0.274 (right x hydrogen) in the
intervention group versus 0.833+0.274 in the control group
(right x no hydrogen), which corresponds to an average
difference of 398% (see Figure I).

Therefore, liver samples in the intervention group using
hydrogen showed statistically significantly fewer histological
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Figure 2 Histological changes following prolonged ischemia and reperfusion. (A) Ischemic left lobe of the control group (Suzuki score 3);

(B) ischemic left lobe of the intervention group (Suzuki score 1); (C) non-ischemic right lobe of the control group (Suzuki score 2); (D) non-

ischemic right lobe of the intervention group (Suzuki score 0). Paraffin cuts colored with hematoxylin-eosin and observed under a light

microscope at 100x magnification.

changes compared to the control group (hydrogen x no
hydrogen, P=0.024). These differences are demonstrable
both in the non-ischemic lobes and the ischemic lobes (left
x right, P=0.006). Moreover, in the non-ischemic lobes
of the intervention group, histological changes following
prolonged ischemia and reperfusion were almost negligible
(see Figure 2).

Biochemical examination

The measured values of the biochemical tests showed no
statistically important difference in hepatic transaminases
(AST, ALT), alkaline phosphatase (ALP), lactate
dehydrogenase (LD), and lactate (see Table 3). Creatine
kinase values (including subtype BB) seemed completely
random and statistically non-significant, as such, we failed
to confirm the suggestion by Vaubourdolle ez 4/. [1993], and
our conclusion is that creatine kinase BB cannot be used
as a simple indicator of the extent of ischemia-reperfusion
liver damage.

However, a surprising result was a statistically significant
difference in gamma-glutamyl-transferase (GMT) between the
intervention group and the control group (P<0.001). Its level
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fluctuated minimally over the course of the surgery; however,
in the intervention group, the measured value was on average

2.5x higher than in the control group (see Figure 3).

Oxidative damage markers

The levels of oxidative damage markers varied significantly,
especially in plasma samples (see Table 4). The level of MDA
and 3-NT was considerably lower in the intervention group
using hydrogen than in the control group, indicating a
lower degree of oxidative stress. Accordingly, a considerably
higher level of GSH and NP-SH and lower levels of their
oxidation products (non-protein disulfides; NP-SS-NP)
were demonstrated in the intervention group. Significant
differences were observed in hepatic tissue when comparing
the non-ischemic (right) and ischemic (left) lobes of the
liver (see Table 5). The difference in glutathione-mixed
disulfides levels (G-SS-NP) was non-significant both in
plasma and in hepatic tissue.

Discussion

Liver resection is a high-risk surgery that is often associated
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Table 3 Evaluation of biochemical examinations using one-way analysis of variance (ANOVA)

Sampling time Group AST (ukat/L) ALT (ukat/L) ALP (ukat/L) GMT (ukat/L) LD (ukat/L) Lactate (mmol/L)
Before V (n=6) 0.520 (0.473; 0.900 (0.843; 3.383+0.356 0.645 (0.463; 10.215 (8.883; 1.560 (1.225;
intubation 0.625) 0.985) 0.750) 11.910) 1.845)
P (n=6) 0.485 (0.453; 1.010 (0.933; 3.215+0.998 0.270 (0.235; 9.280 (8.393; 1.065 (0.845;
0.670) 1.212) 0.315) 13.915) 1.130)
Before clamping V (n=6) 0.725 (0.652; 0.860 (0.815; 3.348+0.410 0.620 (0.468; 10.340 (9.420; 1.260 (1.150;
0.838) 0.950) 0.712) 11.598) 1.560)
P (n=6) 0.735 (0.570; 1.040 (0.945; 3.257+1.069 0.270 (0.235; 9.705 (8.793; 1.335 (1.028;
1.033) 1.260) 0.305) 12.990) 1.652)
After ischemia  V (n=6) 2.550 (1.113; 0.935 (0.835; 3.860+0.511 0.625 (0.470; 11.015 (9.797; 1.890 (1.103;
4.053) 1.073) 0.745)* 13.483) 2.013)
P (n=6) 1.220 (0.717; 1.030 (0.948; 3.608+1.085 0.270 (0.220; 9.825 (9.067; 2.345 (1.748;
1.495) 1.223) 0.310)* 12.063) 2.750)
After V (n=6) 2.855 (0.982; 0.930 (0.883; 4.043+£0.910 0.555 (0.395; 12.325 (10.422; 1.995 (1.663;
reperfusion 6.887) 1.053) 0.675) 14.813) 2.802)
P (n=6) 1.675 (1.148; 1.070 (0.945; 3.497+0.992 0.260 (0.232; 10.205 (9.152; 1.795 (1.440;
2.650) 1.223) 0.308) 12.435) 2.020)

Values are expressed as medians (quartile Q, ,s; quartile Q,;s) or as mean + standard deviation, statistically significant differences between
groups at a significance level of P<0.050 are marked with *.V, intervention group; P, control group; AST, aspartate aminotransferase; ALT,
alanine aminotransferase; ALP, alkaline phosphatase; GMT, gamma-glutamyl-transferase; LD, lactate dehydrogenase.
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Figure 3 Comparison of gamma-glutamyl transferase (GMT)
levels during the experiment in the control and intervention group
using one-way variance analysis (ANOVA). P, control group;
V, intervention group; A, level at the introduction of general
anesthesia; B, level before the HD ligament clamp; C, level after
2 hours of ischemia; D, level after 2 hours of reperfusion. The
differences between the intervention group (VA-VD) and control
group (PA-PD) are statistically significant (P<0.001).
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with severe complications, with liver failure in the
postoperative period being one of the most severe and can
easily be fatal. One of the key mechanisms involved in the
development of liver dysfunction is ischemia-reperfusion
damage. In this experimental study, we evaluated the
antioxidant, anti-inflammatory, and antiapoptotic effects
of inhaled hydrogen, on domestic pigs, in a clinically
relevant model of ischemia-reperfusion liver damage. The
effects were assessed using histological and biochemical
examinations, including an examination of oxidative damage
markers.

Inhaled hydrogen appears to be the most suitable form
of administration due to its rapid tissue saturation and the
ease of maintaining constant levels during surgery. Other
possible administrations methods include the intravenous
application of hydrogen-enriched physiological saline
solution and consumption of drinking water enriched with
hydrogen.

In 2001, the first study on the protective effect of
hydrogen, under high pressure, on liver damage was
published. In 2007, the therapeutic influence of hydrogen
on liver ischemia was further explored (7). Studies dealing
with the effect of hydrogen on hepatic tissue are relatively
new, and the research methods and types of liver diseases
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Table 4 Evaluation of oxidative damage markers in plasma using one-way analysis of dispersion (ANOVA)

N NP-SH NP-SS-NP G-SS-NP
Sampling time Group GSH [mmol/L] [mmol/L] [mmol/L] (mmol/L] MDA [mol/L] 3-NT [umol/L]
Before V (n=6) 0.050+0.006* 0.146 (0.132; 0.228+0.019 0.019+0.004 4.431 (4.382; 0.572+0.114*
intubation 0.145) 4.598)
P (n=6) 0.042+0.003* 0.140 (0.139; 0.249+0.013 0.023+0.002 4.528 (4.398; 0.946+0.040*
0.141) 4.718)
Before clamp V (n=6) 0.050+0.004* 0.145 (0.141; 0.227+0.019 0.020+0.004 4.492 (4.364; 0.659+0.140*
0.153) 4.630)
P (n=6) 0.041+0.003* 0.138 (0.137; 0.257+0.011 0.024+0.003 4.729 (4.497; 0.959+0.061*
0.140) 4.992)
After ischemia V (n=6) 0.047+0.004 0.138 (0.134; 0.238+0.012 0.019+0.003 4.422 (3.734; 0.626+0.115*
0.141) 4.837)
P (n=6) 0.042+0.003 0.135 (0.134; 0.254+0.011 0.024+0.002 4.923 (4.681; 0.926+0.079*
0.142) 5.252)
After V (n=6) 0.049+0.004* 0.136 (0.132; 0.245+0.025 0.021+0.003 4.263 (3.597; 0.528+0.047*
reperfusion 0.145) 4.591)*
P (n=6) 0.041+0.004* 0.142 (0.138; 0.243+0.014 0.025+0.002 4.951 (4.819; 0.953+0.075*
0.144) 5.141)*

Values are expressed as medians (quartile Qq,s; quartile Q,,s) or as average + standard deviation, statistically significant differences
between groups at a significance level of P<0.050 are marked with *. V, intervention group; P, control group; GSH, glutathione; NP-SH,
non-protein thiols; NP-SS-NP, non-protein disulfides; G-SS-NP, glutathione-mixed disulfides; MDA, malondialdehyde; 3-NT, 3-nitrotyrosine.

Table 5 Evaluation of oxidative damage markers in liver tissue using one-way analysis of variance ANOVA

. . NP-SH NP-SS-NP G-SS-NP
Sampling site Group GSH [mmol/L] [mmol/L] [mmol/L] [mmol/L] MDA [mol/L] 3-NT [pmol/L]
Left lobe V (n=6) 2.268+0.295  15.650+1.993*  0.316 (0.242; 0.094+0.062 36.937+2.581 7.211+0.298*
0.399)*
P (n=6) 1.758+0.235 9.751+1.052* 1.865 (0.995; 0.313+0.196 43.322+5.623  7.628+0.276*
3.707)
Right lobe V (n=6) 2.302+0.479 13.5673.085* 0.325 (0.220; 0.124+0.105 37.965+3.178 7.448+0.196
0.440)*
P (n=6) 1.989+0.357  10.033+1.671*  1.659 (0.972; 0.329+0.143 43.776+4.511 7.726+0.214
3.129)*

Values are expressed as medians (quartile Q,,s; quartile Q,;s) or as average + standard deviation, statistically significant differences
between groups at a significance level of P<0.05 are marked with *. V, intervention group; P, control group; GSH, glutathione; NP-SH, non-
protein thiols; NP-SS-NP, non-protein disulfides; G-SS-NP, glutathione-mixed disulfides; MDA, malondialdehyde; 3-NT, 3-nitrotyrosine.

vary widely.

In one of the first studies, Gharib et /. (22) examined the
influence of molecular hydrogen on a mouse model with
parasitic chronic liver disease (schistosomiasis infestation).
Mice breathed a mixture of hydrogen and oxygen in a
hyperbaric chamber for 14 days (87.5% hydrogen at
0.7 MPa). The authors observed liver function, oxidative
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damage to liver tissue, fibrosis, and signs of inflammation
and concluded that continuous administration of high
doses of hydrogen had significant protective effects
relative to liver functions. This study was innovative since
it demonstrated the anti-inflammatory and antioxidant
effects of hydrogen. Because the hydrogen doses were
so high, the study had limited transferability in terms of
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clinical use. In 2007, Ohsawa er 4/. (7) published another
important work, showing that the same antioxidant effect
can be achieved by inhaling a 2% hydrogen mixture for
35 minutes. These findings had much greater clinical
potential. Then Fukuda ez /. (1) published a study on
the effects of hydrogen on ischemia-reperfusion liver
damage using a rat model. The authors found, based on
histological sections and the level of MDA and liver tests,
that hydrogen had a significant effect on ischemic liver
damage. In 2009, Kajiya er a/. demonstrated the protective
effect of hydrogen on concanavalin A-induced hepatitis (23).
In the same year, Tsai et a/. found that hydrogen-
enriched water protects liver tissue in mice with carbon
tetrachloride-induced hepatitis (24). Sun ez /. demonstrated
that hydrogen not only protects against liver damage,
it also helped prevent three different models of liver
cirrhosis, i.e., GalN/LPS, CCl,, and DEN (25). Liu et 4l
found that intraperitoneal application of hydrogen-
enriched fluid could improve the antioxidant capacity of
the liver and reduce the inflammatory response, which is
of great clinical significance (26). Current studies show
that long-term consumption of hydrogen-enriched water
can improve the symptoms of non-alcoholic steatohepatitis
by improving both liver function and liver morphology
(in terms of preventing fibrosis) (27). In this same study,
the authors demonstrate not only the long-term effects of
hydrogen-enriched water to improve liver function, but
also to reduce the risk of developing malignancies. This is
strong evidence that hydrogen may also have application
in the prevention of carcinogenesis. Kang ez /. showed
that daily use of hydrogen-enriched water improves the
quality of life in patients who were irradiated as part of
liver tumor treatment. The effects can be explained by a
reduction in the oxidative stress and inflammation caused
by radiotherapy (28). Another study showed the positive
effect of hydrogen in obese diabetics in preventing the
development of hepatic steatofibrosis and reducing insulin
resistance (29). In 2013, Xia er a/. published the result of
a study in which 30 patients with chronic hepatitis B used
hydrogen-enriched water for 6 weeks. These patients were
found to have improved liver function and reduced levels
of circulating HBV DNA compared to the control group
of similar patients (30). In 2015 Zhang et 4/. published the
results of a study examining rats who underwent a syngeneic
orthotopic liver transplant. Before the transplant, they
inhaled a mixture of 1-3% hydrogen. Rats who inhaled a 2%
mixture of hydrogen showed considerably lower ischemia-
reperfusion liver damage (31). In 2017 Lin ez /. published
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a study confirming the antioxidant effects of hydrogen-
enriched water in mice with ethanol-induced oxidative
stress. The mice showed improved liver function, lower
MDA levels, and increased function of intrinsic natural
scavenger mechanisms (32). Recently, Uto et al. used UW
solution enriched with dissolved hydrogen to store livers
prior to syngeneic orthotopic liver transplant in rats. The
liver transplants showed lower oxidative damage and a
lower number of apoptotic hepatocytes compared to the
control group (33). Lastly, Ge ez al. showed the protective
effect of hydrogen during laparoscopic hepatectomy in mini
pigs. Post-operatively, the animals showed lower levels of
inflammatory markers (interleukin IL-1, IL-6, TNF-o and
CRP) and cortisol (34).

The selected studies mentioned show that hydrogen has
significant potential to be an antioxidant in liver ischemia,
hepatitis, steatosis, and other liver diseases.

Due to the complete anatomical separation of the
vascular supply to the lobes of the liver, a tourniquet on
the vena portae branch and the relevant hepatic artery will
cause complete ischemia of the left or right liver lobe (in
the case of domestic pigs, the two left and two right lobes).
This form of hepatic ischemia is macroscopically noticeable
with a near-instantaneous demarcation of ischemic and
non-ischemic liver tissue. The subsequent transection only
breaks the parenchyma and small vascular conjunctions
and bile ducts, but does not further increase ischemia,
and thus does not enhance oxidative stress. Preparation
and the application of a hepatoduodenal ligament clamp
in the area of the porta hepatis is, therefore, a key step in
large liver resections (e.g., hemi-hepatectomy). The length
of the clamp can also influence the severity of ischemia-
reperfusion liver damage. In our study, we, therefore,
limited the preparation and clamp of the relevant vascular
branches without subsequent transection and removal of
liver parenchyma. Completion of a hemi-hepatectomy
would not provide additional meaningful observations
regarding the effects of hydrogen during reperfusion. Due
to the advantageous placement of the left branch of the
vena portae in domestic pigs, we chose the left liver lobe for
ischemia induction and subsequent reperfusion.

The length of ischemia and reperfusion was deliberately
much longer than in normal liver resections in human
medicine. As mentioned in previous studies by other authors
(18,19,35) in our previous experiments, we had found that
a shorter period of ischemia and reperfusion produced only
minimal changes in the liver parenchyma of young, healthy
animals, and therefore it would not be possible to assess the
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protective effect of inhaled hydrogen with shorter times.
The evaluation of histological changes due to ischemic-
reperfusion damage was semi-quantitatively expressed
using Suzuki scores. Liver samples from the intervention
group (i.e., with inhaled hydrogen) showed statistically
significantly fewer histological changes compared to the
control group. In addition, the histological changes were all
but negligible in the non-ischemic lobes in the intervention
group. The results show that the use of hydrogen
statistically significantly reduces the degree of ischemia-
reperfusion liver damage at the histological level.
Biochemical test values showed no statistically important
difference in hepatic transaminases (AST, ALT), ALP,
LD, and lactates. Although peri-operative levels of AST
increased, the increase was likely attributable to muscle
tissue damage that occurred during the laparotomy.
Moreover, the difference between the two groups was
completely non-significant. Creatine kinase values
(including subtype BB) seemed completely random and
statistically non-significant; therefore, we failed to confirm
the conclusion of Vaubourdolle et /. [1993] (17), and from
our results, creatine kinase BB cannot be used as a simple
indicator of the extent of ischemia-reperfusion liver injury.
Likewise, we failed to show that routine liver function
tests can serve as indicators of the severity of ischemia-
reperfusion liver damage. However, a surprising result was
a statistically significant difference in gamma-glutamyl
transferase (GMT) levels. While levels fluctuated only
minimally during the operation, the intervention group had
values that were, on average, 2.5 times higher than in the
control group. The elevated GMT value, in combination
with elevated ALP, is generally considered to be a marker
of hepatobiliary tract injury. However, all measured values
in our study were within the physiological range; therefore,
the different levels of GMT can probably be attributed to
oxidative damage to the GMT molecule at higher levels
of oxidative stress, which leads to a decrease in the level
of GMT in the blood. GMT levels could thus serve as a
predictive factor of the severity of ischemia-reperfusion
damage in the early postoperative period. This assumption
is in accordance with a study by Belcastro ez 4. [2017] (36),
in which the authors observed the phenomenon of
decreased levels of GSH, NP-SH (see Oxidative damage
markers), and 3.5-fold decrease in GMT activity with
increased oxidative stress, just as we observed in our study.
The markers of oxidative damage varied significantly
in plasma samples. The level of MDA and 3-NT was
significantly lower in the intervention group (with inhaled
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hydrogen) than in the control group, which indicates
a lower degree of oxidative stress. Accordingly, the
intervention group demonstrated substantially higher levels
of GSH and NP-SH and lower levels of their oxidation
products (non-protein disulfides; NP-SS-NP), which is in
accordance with the assumption set out in the methodology.
Significant differences were observed in hepatic tissues both
in comparison with the non-ischemic (right) and ischemic
(left) lobes of the liver. Differences in glutathione-mixed
disulfides levels (G-SS-NP) was non-significant both in
plasma and in hepatic tissues.

Although we failed to see a considerable difference in
the tested oxidative damage markers in the plasma and
liver tissue, perhaps due to the large dispersion of the
measured values, the observed trends, both decreasing and
increasing were in line with our expectations for almost in
all selected markers. Our results strongly suggest that the
administration of hydrogen during surgery greatly reduces
the level of oxidative stress in the organism, and results in
less severe ischemia-reperfusion damage.

We demonstrated the positive antioxidant effect of
inhaled 2% molecular hydrogen on domestic pigs during
large liver resection, using histological and biochemical
examinations and examination of oxidative damage markers.
We showed that this method is safe without any known
side effects and easy to use and can be easily translated to
human medicine. In liver surgery, it may be a safe approach
to improve results of major liver resections and liver
transplantation. Although “large hepatic resection” is not
strictly defined, it usually means a left or right hepatectomy.
More specifically, resection of four or more liver segments
can be defined as large liver resection. We assume that this
positive protective effect of inhaled molecular hydrogen
during surgery will reduce the risk and incidence of acute
liver failure in the postoperative period. It could also be
suitable for urgent treatment of organ ischemia (e.g.,
acute coronary syndrome or mesenteric ischemia). Further
research is necessary to show whether GMT levels can
actually serve as a predictive factor for the severity of
ischemia-reperfusion damage.

Conclusions

In this experimental study, we demonstrated that hydrogen
inhalation during major resection of the liver considerably
reduced the level of oxidative stress associated with
ischemia-reperfusion liver damage and thus protected
the hepatic parenchyma against its negative effects. We
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confirmed this phenomenon both with histological sections
and by direct measurement of the level of oxidative stress
in the organism. Furthermore, we suspect that the level
of GMT could serve as a predictive factor of ischemia-
reperfusion damage in the early postoperative period, and
thus could predict the risk of hepatic failure in patients after
resections and liver transplantation.
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