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Abstract. - OBJECTIVE: This study aimed to
analyze the effect of hyperbaric oxygen treatment
(HBOT) in hepatopulmonary syndrome (HPS).
MATERIALS AND METHODS: Five-month-old
female Wistar-Albino rats were randomly divid-
ed into three groups: Group |, the control group;
Group Il, the cirrhosis group; and Group lll, the cir-
rhosis group + HBOT group. Rats were exposed to
HBO sessions (2.4 atm./60 min) for 20 days. Ani-
mals were sacrificed 24hours after the last HBO
session. Biochemical analysis, oxygenation pa-
rameters, NO and NO synthase (NOS) levels, his-
topathological changes in the liver and lungs, and
pulmonary artery diameter were measured.
RESULTS: A total of 24 rats (10 rats were in-
cluded in Group I, six rats in Group Il, and eight
rats in Group Ill) weighing 220-250 g were includ-
ed in the study. Significant differences were ob-
served for NO and NOS (9.10+1.05 to 12.17+1.85
pmol/L, p<0.05 and 0.46+0.31 to 1.17+0.39 U/ml,
p<0.05, respectively) at baseline and day 36 only
ingroup Il. Inflammatory cell infiltration and bron-
chial injury were significantly increased in group
Il compared to group | (p=0.007 and p=0.008, re-
spectively) but not in group Ill (p=0.266 and
p=0.275, respectively). Pulmonary artery diame-
ter was significantly lower in group Ill compared
with group Il at all sites in both lungs (p<0.05).
CONCLUSIONS: HBOT may be a promising
treatment for HPS by reducing NO and NOS activ-
ity, perialveolar arteriolar dilation, lung inflamma-
tion, and injury and guiding future clinical trials.
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Introduction

Hepatopulmonary syndrome (HPS) is a clinical
condition characterized by dyspnea, commonly
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seen in patients with a history of chronic liver dis-
ease and no previous lung disease. Patients with
HPS typically develop hypoxia associated with
dilation of perialveolar arterioles. HPS is a form
of arteriovenous (A-V) shunt arising from perial-
veolar arteriolar dilation. In HPS, intraparenchy-
mal vascular dilation (IPVD) can be caused by
various vasoactive mediators, namely nitric ox-
ide (NO)". Elevated exhaled NO levels have been
found? in HPS patients, and the administration
of NO inhibitors reduces these levels. Complete
resolution of HPS following liver transplantation
indicates that the main problem is in the liver’.

Hyperbaric oxygen therapy (HBOT) is typi-
cally defined as the continuous or intermittent in-
halation of 100% oxygen at greater than 1 atmo-
sphere absolute (ATA) in a pressurized chamber.
This oxygen dose potentially increases the tissue
oxygen level to 1,500-1,700 mmHg. Moreover,
high-dose oxygen is known to have beneficial
physiological and biochemical effects on cells.
Even in the treatment of COVID-19, hyperbaric
oxygen therapy has been observed to increase tis-
sue oxygenation and decrease the inflammatory
cytokine storm*. On the other hand, HBOT has
been shown to reduce hepatocyte damage, bile
duct proliferation, and fibrosis in rats induced
with experimental liver cirrhosis’. A study in
Turkey by Tumgor et al® suggests that in the A-V
shunts resulting from IPVD in HPS, delivering
more FiO, than required may lead to an increase
in intra-alveolar PO, compared to other classic
A-V shunts, which implicates the beneficial effect
of HBOT in HPS. To date, several clinical and
experimental trials have been conducted in the
literature on HPS treatment. Nevertheless, to our
knowledge, hyperbaric oxygen therapy (HBOT)
has not been tried in HPS treatment.
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We investigated the effect of HBOT on the bio-
chemical analysis, oxygenation parameters (PO,
and O, saturation), NO and NO synthase (NOS)
levels, and histopathological changes in the liver
and lungs of HPS.

Materials and Methods

Ethics Statement

This study was approved by the Konya Meram
Faculty of Medicine Experimental Medicine Cen-
ter Ethics Committee (No.: 2019/010). We adhered
to the Helsinki Declaration of the World Medical
Association regarding the subjects, materials ob-
tained from the subjects, and material data.

Study Setting
A total of 30 five-month-old female Wistar al-
bino rats weighing 220-250 g were enrolled in the
study between November 2019 and May 2020.
The rats were randomly divided into three groups:
1. Group I (the control group), laparotomy +
common bile duct dissection only.
2. Group II (the cirrhosis group), laparotomy
+ common bile duct ligation and discon-
nection.
3. Group III (the cirrhosis group + HBOT
group), laparotomy + common bile duct
ligation and disconnection + HBOT.

Surgical Technique

All the rats were anaesthetized with intraperi-
toneal ketamine hydrochloride (2 mg/kg, 10 mg/
ml). Two ml of venous blood was collected from
the tail vein to determine NO and NO synthase
(NOS) levels. After preoperative skin preparation
and draping, laparotomy was performed through
a 2-cm midline incision, and then the bile duct
was accessed and dissected. In group I, no liga-
tion was performed, and the bile duct was simply
dissected, and then the abdomen was closed with
continuous 3/0 proline suture. In the remaining
two groups, the bile duct was ligated with a 5/0
silk suture in two locations and disconnected.
Then, the abdomens were closed with a contin-
uous 3/0 proline suture. All rats were returned to
their cages and fed standard rat chow from the
sixth hour after surgery. During the first week,
ibuprofen was added to the drinking water of all
rats to achieve analgesia. At the end of week 5
(day 36), all rats were sacrificed after 6-7 ml of in-
tracardiac blood was collected, of which 1 ml was
used for arterial blood gas analysis and the re-
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mainder for biochemical analysis and assessment
of NO, NOS, and estradiol levels. Both lungs and
liver were then removed en bloc by thoracotomy
and laparotomy. Tissue samples were placed in
10% formaldehyde tubes and sent to the pathol-
ogy laboratory.

Hyperbaric Oxygen Therapy Procedure

Hyperbaric oxygen therapy (HBOT) was only
administered to group III from the eighth day af-
ter surgery. In total, HBOT was administered in
20 sessions between the eighth day after surgery
and the day before the rats were sacrificed (day
35), with one session per day and five sessions per
week. Rats were exposed to HBO sessions (2.4
atm/60 min) for 20 days. Animals were sacrificed
24 hours after the last HBO session.

Biochemical Analysis

Blood gas analysis included an assessment of
Ph, PO,, PCO,, and oxygen saturation. Blood
samples collected on the first and last days of the
experiment were analyzed for NO and NOS levels
using the ELISA method (Abbott Laboratories,
IL, USA). Blood samples collected after the rats
were sacrificed were analyzed to assess levels of
oestradiol, albumin, total bilirubin, alanine trans-
aminase (ALT), aspartate transaminase (AST),
alkaline phosphatase (ALP) and gamma-glutamyl
transpeptidase (GGT).

Pathological Examination

Pathological examination was performed by a
pathologist blinded to the study. Five-um thick par-
affin blocks were cut from liver and lung tissues on
a microtome, stained with hematoxylin and eosin
(H&E), and analyzed by light microscopy. Portal
inflammation was determined by cirrhosis, pleo-
morphism, periductal proliferation, and fibrosis.
The presence of portal inflammation was graded as
follows: 0: none; 1: mild; 2: moderate; and 3: severe.

To measure pulmonary artery diameter, the di-
ameters of three different arteries were measured
to achieve the standard and to minimize the effect
of differences in the site of the lungs on the anal-
ysis. These arteries were as follows:

1. Site I: The artery with the largest diameter
closest to the mainstem pulmonary bron-
chus in the right or left lung.

2. Site II: The artery with the largest diam-
eter closest to the middle alveolus of the
lung in the right or left lung.

3. Site I1I: The artery with the largest diameter
adjacent to the pleura in the right or left lung.
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The diameters of the arteries were measured
with an oculometer and reported in um.

Statistical Analysis

Data were analyzed using SPSS for Windows
version 21.0 version 21.0 (IBM Corp., Armonk,
NY, USA). Descriptive statistics were expressed as
mean, standard deviation (SD), median, and min-
max for continuous variables and as frequencies
(n) and percentages (%) for categorical variables.
Kolmogorov-Smirnov and Shapiro-Wilk tests
were used to determine the normal distribution of
the data. Two independent groups were compared
using the Mann-Whitney U test, chi-squared test,
slope Chi-squared test, and Fisher’s exact test
where appropriate. Two dependent groups were
compared using the Wilcoxon signed-rank test.
Results are presented with a 95% confidence in-
terval (CI), and a p-value <0.05 was considered
significant.

Results

A total of 30 five-month-old female Wistar Al-
bino rats were included in the study. After ran-
domization, ten rats in group I underwent laparot-
omy + common bile duct dissection only; ten rats
in group Il underwent laparotomy + common bile
duct ligation and disconnection, and ten rats in
group III underwent laparotomy + common bile
duct ligation and disconnection + HBOT. Some
of the rats used in the experiment died within the
first 24 hours after surgery, including four rats in
group II and two rats in group III. As a result, ten
rats were included in group I, six rats in group II,
and eight rats in group IIL

Blood gas analysis for pH, partial carbon di-
oxide pressure (PCO,), partial oxygen pressure
(PO,), and arterial oxygen saturation (A.O, Sat.)
was performed on day 36. The mean PO, was

87.47+4.59 mmHg in group I, 66.92+9.51 mmHg
in group II, and 71.56+6.45 mmHg in group III.
It was significantly higher in group I compared
to group II (87.47+4.59 vs. 66.9249.51, p<0.05)
and group 11 (87.47+4.59 vs. 71.56+6.45, p<0.05).
Although mean PO, was higher in group III than
in group II, no significant difference was found
(p>0.05). Mean oxygen saturation was 92.943.1%
in group I, 75.3+9.5% in group II, and 81.145.3%
in group III. It was significantly higher in group
I than in groups II and III (p<0.05). Similarly,
mean oxygen saturation was higher in group III
than in group I, but no significant difference was
found (p>0.05). When comparing the mean pH
and PCO, values between the three groups, no
significant differences were found (p>0.05) (Ta-
ble I).

The mean NO and NOS levels were analyzed at
baseline (day 1) and at the end of the experiment
(day 36). Significant differences were observed
for NO and NOS (9.10+1.05 to 12.17£1.85 umol/L,
2<0.05 and 0.46+0.31 to 1.17+0.39 U/ml, p<0.05,
respectively) at baseline and day 36 only in group
II. No significant differences were observed for
NO and NOS in group I (8.22+2.52 to 8.81+2.52
pmol/L, p>0.05 and 0.48+0.22 to 0.82+0.61 U/
ml, p>0.05, respectively) and group I1I (9.33£1.40
to 10.20+1.78 pmol/L, p>0.05 and 0.65+0.55 to
0.76£0.64 U/ml, p>0.05, respectively) at baseline

and day 36 (Table II).
Biochemical parameters such as aspartate
transaminase (AST), alanine transaminase

(ALT), alkaline phosphatase (ALP), gamma-glu-
tamyl transferase (GGT), total bilirubin (T-bil),
direct bilirubin (D-bil), albumin and estradi-
ol were analyzed on day 36. The highest mean
AST level was found in group II (835.5+£177.1
U/L), followed by group III (590+173.5 U/L) and
group I (173.4+170.8 U/L). The highest mean ALT
level was found in group II (124+25.5 U/L), fol-
lowed by group III (101.7+26.3 U/L) and group |

Table I. Blood gas parameters analyzed at the end of the experiment (The mean+ SD).

Group | Group Il Group Group | vs. | Group I vs. Il Group | vs. 1l
(n=10) (n=6) (n=8) I (p) () (p)

pH 7.3340.1 7.35+0.04 7.33+0.05 0.588 0.859 0.606

PCO, 35.224+4.41 39.20+4.75 | 37.7145 0.103 0.306 0.477

PO, 87.47+4.59 66.92+9.51 71.56+6.45 0.001 0.001 0.245

A.O,.Sat. 92.90+3.11 75.3549.57 | 81.19+£5.35 0.001 0.001 0.196

A.O, Sat.: arterial oxygen saturation, PCO,: partial carbon dioxide pressure, PO,: partial oxygen pressure, SD: standard devia-

tion. p<0.05.

2299



M. Altinkaynak, G. Simsek, Y. Unlu, A. Arslan, S.S. Erdem, A. Kartal, M.A. Eryilmaz

Table II. NO and NOS levels measured at the beginning and
end of the experiment.

Day 1 Day 36 P

Group I (n=10)

NO (pmol/L) 8.2242.52 | 8.81+£2.52 | 0.646
NOS (U/ml) 0.48+0.22 | 0.82+0.61 | 0.092
Group II (n=6)

NO (pmol/L) 9.10+1.05 | 12.17+1.85 | 0.028
NOS (U/ml) 0.46+0.31 | 1.17+0.39 | 0.046
Group III (n=8)

NO (pmol/L) 9.33+1.40 | 10.20+1.78 | 0.327
NOS (U/ml) 0.65+0.55 | 0.76+0.64 | 0.575

NO: nitric oxide, NOS: nitric oxide synthase. p<0.05.

(57.8£45.3 U/L). There was a significant increase
in AST, ALT, GGT, T-bil, and D-bil in groups II
and III compared to group I (p<0.05). However,
when group III was compared with group II, only
T-Bil and D-Bil levels were significantly different
(p<0.05) (Table III).

Histological examination of liver tissue re-
vealed cirrhosis in all rats in groups Il and III.
In addition, portal inflammation, hepatocellular
pleomorphism, periductal proliferation, hepat-
ic fibrosis, and cirrhosis were also detected in
all rats in groups II and III. On the other hand,
histological examination of lung tissues was per-
formed to evaluate the presence of inflammatory
cell infiltration and bronchial injury. The highest

incidence of inflammatory cell infiltration was
found in group II and was significantly higher
compared to groups I and III (p<0.05). Howev-
er, no significant difference in inflammatory cell
infiltration was observed between groups I and
IIT (»>0.05). The highest incidence of bronchial
injury was found in group II and was significantly
higher compared to group I (p<0.05) (Table IV).

Arteriole diameters were measured at the three
sites in the lung tissue. The largest arteriole di-
ameters were found in the arterioles closest to the
mainstem pulmonary bronchus, and the greatest
dilation of arteriole diameter measured at the first
site in both lungs was found in group II, which
was significantly higher than in groups I and III
(p<0.05). At other sites, however, there was no sig-
nificant difference in mean arteriolar diameter be-
tween groups I and III (p>0.05). At all three sites,
mean arteriole diameters were significantly lower
in group III than in group II (p<0.05) (Table V).

Analysis of the pulmonary artery measure-
ments showed that the arteries with the largest
diameters in all three sites defined in our study
were in group II (Figure 1).

Discussion

In our study, we evaluated the efficacy of hy-
perbaric oxygen therapy in the development and
treatment of hepatopulmonary syndrome by bio-
chemical parameters, blood gas evaluation, NO
and NOS levels, pathological evaluation of liver
and lung, and measurement of pulmonary artery

Figure 1. Arterioles adjacent to the mainstem bronchus in rat lung in group I (A), II (B),
and III (C) The arteriole in group II is remarkably larger (H&E staining, x40 magnification).

2300



Hyperbaric oxygen in hepatopulmonary syndrome

Table Ill. Biochemical parameters analyzed at the end of the experiment.

Group | Group Il Group Il Group | vs. Il | Goup | vs. lll | Group Il vs. 1l
(n=10) (n=6) (n=8) (p) () (p)

AST (U/L) 173.4+170.86 | 835.5+£177.10 | 590+173.54 0.002 0.002 0.028

ALT (U/L) 57.84+45.32 124425.58 101.75426.32 | 0.001 0.001 0.175

ALP (U/L) 114944532 | 203.67£61.96 | 166.25+160.34 | 0.007 0.722 0.071

GGT (U/L) 5+0 57.2+16.44 33.58+12.53 0.001 0.001 0.014

T-Bil (mg/dL) 0.96+2.83 8.75+0.79 6.76+1.36 0.004 0.004 0.039

D-Bil (mg/dL) 0.69+2.15 6.70+0.58 4.48+1.22 0.003 0.004 0.007

Albumin (g/dL) | 29.01+1.85 26.58+2.62 28.36+3.68 0.065 0.894 0.366

Estradiol (pg/ml) | 48.48+10.93 | 54.12+22.14 | 54.62+11.21 0.515 0.286 0.519

AST: aspartate transaminase, ALT: alanin transaminase, ALP: alkaline phosphatase, GGT: gamma glutamy] transferase, T.Bil:

total bilirubin, D. Bil: direct bilirubin. p<0.05.

diameter. This is the first study to demonstrate the
efficacy of hyperbaric oxygen therapy in hepa-
topulmonary syndrome.

Hypoxia arises from IPVD due to several fac-
tors, including incomplete oxygenation of the
blood in dilated arteries, insufficient gas exchange
time caused by accelerated blood flow, and insuf-
ficient alveolar wall in hepatocellular syndrome’.
The pathophysiology of HPS implicates that hy-
perbaric oxygen may have a beneficial effect on
hypoxia. In addition, the literature® indicates that
in HPS, if more than required FiO, is given, it
may lead to an increase in PO, within the alveoli.
We found that the mean PO, and A.O, Sat. levels
were lower in rats with HPS and in those treated
with HBOT, but the mean PO, and A.O, Sat. val-
ues were higher in mice with HPS, although not
significant in the HBOT group, and this appears
to be effective in reducing inflammatory cell in-
filtration in the lung.

Intraparenchymal vascular dilatation (IPVD) is
a fundamental physiopathological change in HPS,
and several vasodilators have been implicated in
its pathogenesis, including NO, atrial natriuret-
ic peptide, prostacyclin, and platelet-activating
factor (PAF)?°. A previous study' showed that
administration of NO inhibition resulted in sev-
eral beneficial effects in the prevention of HPS.
In our study, no significant increase in levels was
observed in the HBOT group. The present study
showed that NO activity, which is the main cause
of IPVD in HPS, was reduced and inhibited by
HBOT, suggesting that HBOT may be a promis-
ing approach for the treatment of HPS.

A 2016 study" found no difference in ALP and
GGT levels in hepatopulmonary syndrome, but
bilirubin and bile acids were significantly higher,

highlighting the association of bile acid retention
with HPS and PaO,/AaPO, abnormalities. In our
study, cirrhosis developed at the end of week 5
in groups Il and 111, and no significant difference
was found in biochemical analyses of AST, ALT,
and GGT levels. However, T-bil, D-bil, and ALP
levels were significantly lower in group III than
in group II. A previous study by Terzioglu et al'
reported that HBOT reduced hepatic oxidative
stress and bile duct proliferation in rats induced
by an experimental bile duct ligation model. Ac-
cordingly, we believe that the lower bilirubin and
ALP levels in rats receiving HBOT may be related
to the effect of HBOT in reducing bile duct pro-
liferation in biliary cirrhosis. The hepatic metab-
olism of estrogens may be impaired or inadequate
in the presence of cirrhosis. As a result, increased
estrogen concentration, together with some other
factors, may lead to arterial dilation (e.g., spider
angioma, cutaneous angioma)®. Consistent with
the literature, cirrhosis developed in groups Il and
III in our study, and estradiol levels increased in
these groups, although not significantly compared
with group L.

Previous studies™? investigated the effect of
HBOT on bile duct ligation-induced oxidative dam-
age and fibrosis and reported that HBOT reduced
hepatocellular damage, bile duct proliferation, and
fibrosis in the liver. Idetsu et al'* found that HBOT
accelerated biliary cell regeneration and improved
postoperative cholestasis. In a study'" investigat-
ing lung tissue levels of oxidative and antioxida-
tive stress enzymes with HBOT duration in rats, it
was observed that both oxidative and antioxidative
enzymes increased with 20 sessions and above.
All these studies evaluated enzyme activities but
not histological evaluation. Although no signifi-
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Table IV. Histological evaluation of liver and lung tissues.

Histopathological finding Group || Group Il | GroupIll | Group |l | Group |l | Group Il
(n=10) (n=6) (n=8) vs. Il (p) | vs. lll (p) | vs. Il (p)
i i Yes 0% 100% 100%
?nﬂammatory c'ell infiltration 0 o o 0.002 0.004 0.703
in the portal region No 100% 0% 0%
None 100% 0% 12.5%
Mild 0% 16.7% 25%
Hepatocellular pleomorphism ! 2 2 > 0.001 0.001 0.4
Moderate | 0% 50% 37.5%
Severe 0% 33.3% 25%
None 90% 0% 0%
i i i Mild 10% 50% 50%
.Per.lductal proliferation 0 0 0 0.002 0.001 0.863
in liver Moderate | 0% 16.7% 25%
Severe 0% 33.3% 25%
None 100% 0% 0%
Liver fibrosis Moderate | 0% 66.7% 62.5% 0.001 0.001 0.801
Severe 0% 33.3% 37.5%
None 100% 0% 0%
. Mild 0% 33.3% 37.5%
Liver 0.001 | 0.001 0.780
Cirrhosis Moderate | 0% 33.3% 37.5%
Severe 0% 33.3% 25%
None 10% 0% 0%
i i Mild 50% 0% 37.5%
.Inﬂammatory cell infiltration 0 0 0 0.007 0226 0.017
in lung Moderate | 40% 50% 62.5%
Severe 0% 50% 0%
No 90% 16.7% 62.5%
Bronchial injury in lung 0.008 0.275 0.138
Yes 10% 83.3% 37.5%
Table V. Arteriole diameters measured on the three sites in lung tissues.
Group | Group 11 Group Il Group | Group | Group Il
(n=10) (pm) | (n=6) (pm) (n=8) (um) | vs. Il (p) vs. Il (p) vs. lll (p)
Right lung - Site I 66.9+14.11 128.67+30.59 | 100.88+15.84 | 0.001 0.001 0.037
Right lung - Site II 26.5+4.63 47.83£11.80 28.38+7.39 0.003 0.655 0.007
Right lung - Site III 9.45+2.41 18+3.29 10.5+1.20 0.001 0.175 0.002
Left lung - Site I 67.2+13.9 130.33£31.69 | 99.63£16.29 | 0.002 0.002 0.003
Left lung - Site 1T 26.8+4.56 49+11.42 27.5+£7.25 0.002 0.893 0.004
Left lung - Site I11 9.842.78 18.50+3.45 10+1.07 0.002 0.277 0.002

Site I: The artery with the largest diameter closest to the mainstem pulmonary bronchus. Site II: The artery with the largest diameter
closest to the middle alveolus of the lung. Site II1: The artery with the largest diameter adjacent to the pleura.

cant difference was found in the liver, significant
changes were observed in the lungs, making our
study unique. In our study, rats receiving 20 ses-
sions of HBOT prevented inflammatory cell infil-
tration and lung injury. The lack of a significant
difference between group 2 and group 3 in terms of
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lung injury may be due to the small number of rats
included in the study (Table 1V).

Vascular dilatation, which is known to be the
main pathological feature of HPS, is commonly
assessed by measuring the diameter of the perial-
veolar vein'2. However, to our knowledge, there is



Hyperbaric oxygen in hepatopulmonary syndrome

no standard method for this measurement. In our
study, unlike other studies, the perialveolar vein
diameter was measured from three defined sites
on the lung to achieve a reliable measurement. In
this study, the significant reduction in perialveo-
lar artery dilatation in the HBOT group was asso-
ciated with a reduction in lung inflammation and
injury in this group.

Limitations

Our study also had some limitations. Firstly, the
blood samples taken at the beginning of the exper-
iment were not sufficient to analyze all parameters,
so blood gas and biochemical parameters could not
be analyzed at baseline. Another limitation was
that the already small number of participants was
reduced by 6 rats during the study.

Conclusions

This innovative study is the first to histologi-
cally evaluate liver and lung tissue in experimen-
tal HPS treated with HBOT. The HBOT group
showed reduced NO and NOS activity, perialve-
olar arteriolar dilation, and reduced lung inflam-
mation and injury. These findings suggest the
potential of HBOT as a promising treatment for
HPS. The results will guide future clinical trials.
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