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Inhaled Hydrogen Gas Therapy for
Prevention of Renal Ischemia/Reperfusion
Injury in Rat Model

Sican Modelinde Bébrek Iskemi-Reperfiizyon
Hasarinin Onlenmesinde
Hidrojen Gaz1 Inhalasyonunun Etkisi

ABSTRACT Objective: We aimed to show the short- and long-term protective effects of inhaled hy-
drogen gas on renal ischemia/reperfusion (I/R) injury in a rat model. Material and Methods: Thirty
Sprague-Dawley rats were randomly divided into 3 major experimental groups (Group 1, sham;
Group 2, I/R; Group 3, hydrogen-I/R). Subsequently, Group 2 and 3 were divided into subgroups
as early (E) and late (L) periods. Group 2 and 3 underwent 45 minutes of renal ischemia.Group 3
was administered 182.5 min (175-185 min) 2% hydrogen gas (2 L/min) in total (1 h before ischemia,
by ischemia period and 1 h after reperfusion). Left nephrectomy was performed 6 hours after reper-
fusion in the early groups and at the 14" day of reperfusion in the late groups. We performed
histopathological examination. Results: Kidneys from control rats (Group 2) exhibit significant in-
jury characterized by marked histological changes characteristic of I/R injury in the outer medulla
and cortex regions. Histological alterations were markedly reduced and all histological scores for
renal injury were significantly lower in specimens from the hydrogen-I/R group compared to the
control group (p=0.001). Conclusion: In this study, we demonstrated that hydrogen gas significantly
attenuated renal I/R injury in early and late periods, and may have therapeutic potential against var-
ious clinical conditions involving I/R injury.
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OZET Amag: Bu deneysel caligmada, bir sican modelinde bérekteki iskemi/reperfiizyon (I/R) ha-
sarinda hidrojen gazi inhalasyonunun erken ve ge¢ dénemdeki doku koruyucu etkisinin arastiril-
masi amaglandi. Gereg ve Yontemler: Otuz adet Spraque Dawley tipi sican rastgele 3 ana cerrahi
gruba ayrildi (Grup 1, sham; Grup 2, I/R; Grup 3 hidrojen-1/R). Daha sonra Grup 2 ve 3 erken (E)
ve ge¢ (G) donem olarak alt gruplara ayrildi. Grup 2 ve 3’teki sicanlarin sol renal pedikiilleri 45 da-
kika tam okliizyona ugratildi. Grup 3’teki siganlara ise iskemiden 1 saat dnce, iskemi siiresince ve
iskemiden 1 saat sonra toplam 182,5 (175-185) dakika %2 hidrojen gaz1 verildi (2 L/dak). Erken
dénem gruplarda reperfiizyonun 6. saatinde, ge¢ dénem gruplarda ise 14. gliniinde sol nefrektomi
yapild. Bobrekte gelisen I/R hasarina hidrojen gazinin erken ve ge¢ donemdeki etkileri histopato-
lojik olarak degerlendirildi. Bulgular: Kontrol grubundaki sicanlarin (Grup 2) bébrek dig medulla
ve korteks bolgelerinde I/R hasarinin belirgin histolojik degisiklikleri ile karakterize ciddi yara-
lanma bulgulari izlendi. Hidrojen-1/R Grubunda (Grup 3) ise kontrol grubu ile karsilastirildiginda
bu degisikliklerde belirgin azalma ve renal hasar i¢in tiim histolojik skorlarda anlamh olarak dii-
siikliik saptand1 (p=0,001). Sonug: Bu ¢aligmada hidrojen gazinin bobrekteki I/R hasarini erken ve
ge¢ donemde onemli 6lgiide azalttigini saptadik. Hidrojen gazinin, I/R hasari iceren esitli klinik ko-
sullarda terapétik potansiyeli olabilecegi diisiincesindeyiz.

Anahtar Kelimeler: Bsbrek; oksidatif stres; reaktif oksijen tiirleri; reperfiizyon hasar
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schemia/reperfusion (I/R) injury, including arterial occlusion, shock,

and organ transplantation, is a common finding in clinical settings. I/R
of native and transplant kidneys is a major cause of acute kidney injury
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and an important determinant of long-term kidney
dysfunction.!? Increasing evidence has accumu-
lated over the past decade indicating that oxidative
stress resulting from the production of reactive
oxygen species (ROS), such as hydrogen peroxide,
superoxide and hydroxyl radicals, contribute to
renal I/R injury.3* Tissue damage from ROS acti-
vates several defense mechanisms that include the
production of anti-oxidants, such as superoxide dis-
mutase (SOD), catalase and glutathione peroxidase
(GSH).> Treatments with exogenous anti-oxidants
or scavengers of ROS have shown the ability to
minimize the renal dysfunction and injury associ-
ated with I/R injury.®

In recent years, there has been a dramatic ex-
pansion of knowledge about the pathophysiology
of renal I/R injury. However, despite this growing
body of research, the means by which clinicians can
detect, prevent or treat I/R injury remain limited.
Sound reproducible models of renal I/R are an im-
portant step in helping us to further understand the
pathophysiology and treatment of this condition.”

Inhaled hydrogen gas was recently discovered
to have antioxidant and antiapoptotic properties. A
number of experimental and clinical studies have
been initiated during previous years, resulting in
accumulated evidence that hydrogen gas can protect
organs against I/R injury by neutralizing ROS.?

To our knowledge, the protective effects of in-
haled hydogen gas in renal I/R injury have not
been reported and remain largely unknown. In the
present study, we hypothesized that hydrogen gas,
at a safe concentration, could mitigate renal I/R in-
jury. We used a I/R model in rats and tested this
hypothesis with inhaled 2% hydrogen gas and kid-
ney histopathology was assessed. We aimed to
show the short- and long-term protective effects of
hydrogen gas on I/R injury.

I MATERIAL AND METHODS

SURGICAL TECHNIQUE AND GROUPS

Eight-week-old male Sprague-Dawley rats weight-
ing 225 (202-246) g were used in the study. All rats
were housed under standard conditions in a light—
dark-cycle- and temperature-controlled environ-
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ment with free access to food and water prior to
and after the treatment protocol. All protocols con-
formed to the National Institute of Health (NIH)
guidelines, with all rats receiving humane care in
compliance with the Principles of Laboratory An-
imal Care. This study was approved by the ethical
committee on animal research at our institution.

The rats were randomly divided into 3 major
experimental groups. Subsequently, Group 2 and 3
were divided into subgroups as early (E) and late
(L) periods (Group 1, sham; Group 2E and Group
2L, I/R; Group 3E and Group 3L, hydrogen-1/R).
Intramuscular ketamine (40 mg/kg) and xylazine
chloride (5 mg/kg) anesthesia were used during
procedures. After shaving, the abdominal skin was
disinfected with 70% alcohol and all procedures
were performed under sterile conditions. A 5 cm
midline laparotomy was performed, the left kidney
was exposed, and the renal pedicle was bluntly dis-
sected from underlying adipose tissue. Ischemia
was induced by clamping the left pedicule for 45
min using atraumatic vascular microclamps. The
left kidney was briefly observed for color change.
The right kidney was not manipulated. The wound
was temporarily sutured during the ischemic in-
terval. At the end of the ischemic interval, the
wound was reopened and the clamp was removed
in order to reestablish blood flow to the left kid-
ney. After clamp removal, the left kidney was in-
spected for restoration of blood flow. The surgical
incision was sutured, and rats were allowed to re-
cover.

Group 1, comprising the sham group (n= 6
rats), underwent exposure of renal pedicles but did
not receive I/R. During sham operations, the left
renal pedicle was explored and nephrectomy was
performed. Group 2 (n=12 rats) and 3 (n= 12 rats)
were subjected to I/R. Group 3 comprised the hy-
drogen treatment group and treated with 2% hy-
drogen gas (2 L/min). Gas inhalation started 1 h
before ischemia, continued during surgery and 1 h
after reperfusion. Left nephrectomy was performed
by the end of the six hours in the early groups and
at 14" day of reperfusion in the late groups.

All rats were killed while anesthetized with
thiopental sodium (40 mg/kg, intraperitoneal-i.p.)
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after the surgical removal of the kidneys. The kid-
ney was isolated, dissected coronally into two parts,
and fixed over night in 10% formaldehyde at room
temperature and processed for histological analysis.

HISTOLOGIC EVALUATION

For light microscopic investigations, paraffin-em-
bedded samples were cut into 4-pm sections with a
microtome. Paraffin sections were stained with
haematoxylin&eosin (H&E) and periodic acid-
Schiff (PAS). Samples were blindly analyzed by a
single pathologist who was unaware of groups.

Histopathological analysis was performed to
evaluate and quantify tubular necrosis. Slides
were examined under a light microscope (Olym-
pus BX50, Olympus Co., Japan). Chronic tubular
injury was defined by tubular atrophy with irreg-
ular thickening of the tubular basement mem-
brane (stained by PAS; x200). The percentage of
tubular necrosis in all kidneys was defined by
brush border loss and desquamation of tubular ep-
ithelial cells, cellular debris in the tubular lumen
with cast formation and tubular dilatation (re-
vealed by H&E; x20). For purposes of quantitative
analysis of histological pattern, tissue changes
after I/R were ranked by scores that ranged from
0 to 4 (0O=normal kidney, 0% injury; 1=minimal
damage, <10% injury; 2=mild damage, 10-25% in-
jury; 3=moderate damage, 26-75% injury; 4= se-
vere damage, >75% injury).

STATISTICAL ANALYSIS

Data were expressed as median (min-max) values.
The data were analyzed with Kruskall-Wallis
analysis and the Mann-Whitney U'test, and differ-
ences with a p value of less than 0.05 were consid-
ered statistically significant.

RESULTS

Light microscopy revealed normal kidney mor-
phology in the sham group (Group 1) (Figure 1A).
In contrast, kidneys from control rats (Group 2) ex-
hibited significant injury characterized by marked
histological changes characteristic of I/R injury in
the outer medulla and cortex regions (Figure 1B,
early groups; Figure 1C, late groups). These
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FIGURE 1: Pathological evaluation of rat kidneys (x200 magnification) (A).
Representative Periodic acid-Schiff stained sections of rat kidneys showing
normal morphology in the sham group (B, C). After ischemia/reperfusion (I/R),
kidneys from rats in the control groups showed increased severe tubular
necrosis, cellular sloughing, and cast formation. (D, E) I/R group treated with
hydrogen gas.

(See color figure at http://tipbilimleri.turkiyeklinikleri.com/)

histopathological changes were characterized by
widespread loss of brush border, tubular epithelial
necrosis, tubular dilation, cellular sloughing and
hyaline casts. These types of histological alterations
were markedly reduced in specimens from the hy-
drogen-I/R group (Group 3) (Figure 1D, early
groups; Figure 1E, late groups).

Histological changes were graded and showed
in Figure 2. The median score values of the groups
were 0.30 (range 0.07-0.61) for Group 1, 2.60
(range 1.65-3.32) for Group 2E, 2.80 (range 1.93-
3.51) for Group 2L, 1.31 (range 1.11-1.75) for
Group 3E, and 1,57 (range 0.92-2.39) for Group 3L.

All histological scores for renal injury were
significantly higher in specimens from the I/R
group (Group 2) compared to the sham group
(Group 1), whereas intermediate scores were ob-
tained in specimens from the hydrogen-I/R group
(Group 3) (p=0.001) (Table 1).
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FIGURE 2: Scores of histopathological changes in groups.
(See color figure at http://tipbilimleri.turkiyeklinikleri.com/)

DISCUSSION

Although disparate mechanisms leading to tissue
and organ dysfunction after I/R injury have been
proposed, copious ROS, such as superoxide anion,
hydrogen peroxide, and hydroxyl radicals, are gen-
erated at the time of vascular reperfusion and un-
doubtedly play important roles in the I/R process.'
Numerous studies suggest that ROS can cause di-
rect cellular damage through protein oxidation and
degradation, lipid peroxidation and DNA damage
and lipid peroxidation is believed to be an impor-
tant cause of the destruction and damage to cell
structure and function.*'*'” Oxidative stress-in-
duced cell injury is not only mediated by increased
ROS production, but also by a decreased antioxi-
dant defense system.' SOD is a class of enzymes
that prevents damage from ROS during normal
conditions by converting superoxide into hydrogen
peroxide. However, I/R injury leads to a high pro-
duction of ROS resulting in a rapid depletion of

Following I/R, morphological changes occur
in the proximal tubules that are characterized by
the loss of polarity, loss of the brush border, and
redistribution of integrins and Na*/K*-ATPase to
the apical surface. Calcium and ROS may also have
a role in these morphological changes, in addition
to subsequent cell death resulting from necrosis
and apoptosis.'® As a result, both viable and nonvi-
able cells are shed into the tubular lumen, resulting
in formation of casts and luminal obstruction. In
this study, we demonstrated that kidneys from
control rats (Group 2) exhibit significant injury
characterized by marked histological changes char-
acteristic of I/R injury in the outer medulla and
cortex regions.

The most important factor in the return of
organ function appears to be the time of ischemia.
It has been demonstrated in experimental studies
that the maximum duration of warm ischemia, as-
sociated with complete recovery of renal function
is 30 minutes, but some authors postulate that this
time can be extended up to 90 minutes.'! In the
present work the time of renal ischemia in the ex-
perimental model was 45 minutes.

Research efforts designed to prevent or ame-
liorate I/R injury have focused on the pharmaco-
injury.
Antioxidants have been found to protect renal cells

logical inhibition of free radical

from cellular injury induced by I/R.2%*

The finding of the anti-oxidant effect of hy-
drogen and its therapeutic value led us to suggest
that endogenous hydrogen may play an important
physiological role in maintaining homeostasis. Sev-
eral studies have shown that hydrogen exerts cy-

SOD and subsequent tissue injury. toprotective effects after various types of
TABLE 1: Comparison of the histological scores for renal injury.
Group 1 Group 2 Group 3
Group . . . . . . p
median (min-max) median (min-max) median (min-max)
G1-G2 0.004
Early period 2.60 (1.65-3.32) 1.31(1.11-1.75) 0.001 G1-G3 0.004
030 (007-061) G2-G3 0.006
' B G1-G2 0.004
Late period 2.80 (1.93-3-51) 1.57 (0.92-2.39) 0.001 G1-G3 0.004
G2-G3 0.006
1100 Turkiye Klinikleri ] Med Sci 2013;33(4)
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injuries.®!! For this reason in this study we hy-
pothesized that hydrogen, could mitigate renal I/R
injury.

It is generally accepted that hydrogen is a gas
with reducing reactivity. In radiochemistry, hy-
drogen reacts directly with hydroxyl radicals.
However, in the field of biological medicine, hy-
drogen has always been considered to be physio-
logically inert gas and it is often used in diving
medicine. However, recent studies have demon-
strated that hydrogen is also a potent anti-oxida-
tive and anti-inflammatory agent with potential
for medical application, particularly given that
hydrogen treatment effectively protects cells, tis-
sues and organs against oxidative injury.” Hydro-
gen may scavenge or mitigate excessive free
radicals and maintain them at basal physiological
levels, like most other endogenous antioxidants.
High levels of free radicals are produced in the
body under ischemic, inflammatory or other
pathological conditions, resulting in oxidative
damage to cells and tissues. The anti-oxidant ca-
pacity of tissues is relatively low under these con-
ditions and hydrogen treatment may increase this
capacity, balancing out the oxidation state and
thus protecting cells, tissues and organs against
oxidative injury and restoring physiological func-
tion. In this study, histological alterations were
markedly reduced and all histological scores for
renal injury were significantly lower in specimens
from the hydrogen-I/R group compared to the
control group, (p=0.001). This observation sup-
ports the suggesting that hydrogen gas ameliorates
damage induced by I/R.

Medical gas therapy is a novel and relatively
unexplored field of science, and to our knowledge,
hydrogen inhalation therapy has never been tested
in any model of renal I/R injury. Clinically, hydro-
gen gas therapy could be delivered by a variety of
systems including, simple inhalation using a venti-
lator circuit, a face mask or a nasal cannula.” In ad-
dition, hydrogen gas therapy could be administered
via a parental hydrogen-releasing moiety and/or a
hydrogen enriched fluid.* There is evidence that
inhaled hydrogen gas has anti-oxidant and anti-
apoptotic properties to protect organs against IR

Turkiye Klinikleri ] Med Sci 2013;33(4)

induced injury.® Inhalation of hydrogen acts rap-
idly, because hydrogen diffuses immediately into
tissues. Furthermore, it has been reported that in-
haled hydrogen gas has antioxidant and antiapop-
totic properties that can protect the brain and liver
against I/R injury by selectively neutralizing hy-
droxyl radicals.®? Therefore, in this study, we tested
our hypothesis with inhaled 2% hydrogen gas ther-
apy.

However, hydrogen gas is highly flammable
and burns in the air over a wide concentration
range (4-75% by volume in air). Hydrogen gas
mixtures can be detonated by sparks, heat or sun-
light and hydrogen gas leaking into the air may
ignite spontaneously. Moreover, extremely hot
hydrogen fire is almost invisible, which may re-
sult in accidental burns.?® The concentration of
gaseous molecular hydrogen used in the studies
(approximately 4%) is lower than the threshold at
which it is known to be flammable in air (4.6%).8
We used 2% hydrogen gas for this study and did
not see any adverse effects. Because hydrogen has

no risk of explosion at concentrations less than
49%.%

Several limitations of our study should be
noted. First, because of the technical deficiencies
we have not studied markers of TNF-«, 4-hidroksi-
nonenal (4-HNE), which are very important to
identify I/R injury. Second, our rat model of renal
I/R injury is not entirely analogous to clinical I/R
conditions seen in patients. Third, we have neither
established serum hydrogen levels nor its safety for
long-term administration. We know that the bal-
ance between oxidation and anti-oxidation is im-
portant. Even though we consider hydrogen
resuscitation as a safe treatment, over resuscitation
may worsen the damage. Thus, we need to know
more about the dose effects and side-effects of hy-
drogen gas, especially in humans.

I CONCLUSION

In this study, we demonstrated that hydrogen gas
significantly attenuated renal I/R injury in early
and late periods, maintaining tissue structure, po-
tentially through an antioxidant effect in a rat
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model. Taken together, our findings are in line
with published results which show that hydrogen
has a protective effect against I/R induced organ
dysfunction and may have therapeutic potential
against various clinical conditions involving I/R in-
jury. Further investigations are needed to establish

the feasibility and efficacy of hydrogen gas in clin-
ical renal I/R settings.
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