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Abstract: Objective: Oxygen free radicals (ROS) are considered to be one of the important factors involved in the 
pathophysiology of aged renal ischemia-reperfusion (I/R) injury. Hydrogen gas has been reported to alleviate I/R 
injury by scavenging free radicals. The aim of this study was to evaluate the effect of hydrogen-rich saline (HRS) on 
renal I/R injury in aged rats. Materials and methods: A rat model of renal I/R injury was induced by 45-min occlu-
sion of the bilateral renal pedicles and 24-h reperfusion. Physiological saline or HRS (8 ml/kg) was administered 
intraperitoneally 5 min before reperfusion. Parameters indicating renal function (blood urea nitrogen (BUN) and 
serum creatinine (SCr)) and those indicating oxidative stress (tissue levels of malondialdehyde (MDA) and 8-hy-
droxy-deoxyguanosine (8-OHdG), tissue activities of superoxide dismutase (SOD), and tissue expression of heme 
oxygenase-1 (HO-1)) were measured. Results: After I/R injury, BUN, SCr, tissue levels of MDA and 8-OHdG, and gene 
expression of HO-1 were all significantly increased while tissue activities of SOD were significantly decreased. HRS 
reversed these changes, with the exception of HO-1 expression, which was increased further, and improved renal 
morphology. Conclusions: HRS improves the renal response to I/R in aged rats, possibly by reducing oxidative stress 
and upregulating HO-1 gene expression.

Keywords: Ischemia-reperfusion (I/R) injury, hydrogen-rich saline (HRS), heme oxygenase-1 (HO-1), reactive oxy-
gen species (ROS), malondialdehyde (MDA), superoxide dismutase (SOD)

Introduction

The human lifespan has increased through 
medical advancements and improved health-
care. However, as the elderly population has 
increased worldwide, the incidence of acute 
kidney injury (AKI) has also steadily risen [1]. 
Cardiovascular problems caused by age-relat-
ed conditions, such as hypertension, diabetes, 
and ischemia-reperfusion (I/R), contribute to 
AKI susceptibility [2, 3]. In addition, the severity 
of AKI also increases with age and functional 
renal recovery is lower. A recent study has esti-
mated that patients older than 65 years of age 
have an approximately 30% greater risk for 
non-recovery of complete renal function after 
AKI than those younger than 65 years old [4]. 
Thus, it is very important to find an effective 
treatment to alleviate renal I/R injury in the 
aging population.

Kidney aging has been recognized as a chronic 
process of compromised renal function and 
structural changes in the tubulointerstitium and 
glomerulus [5]. There is considerable evidence 
that aging occurs as a consequence of oxida-
tive stress, and reactive oxygen species (ROS) 
produced during cellular metabolism lead to an 
age-dependent increase in oxidatively modified 
proteins, lipids, and nucleic acids in tissue. 
Oxygen free radicals are considered to be one 
of the important factors involved in the patho-
physiology of I/R. 

Recently, it was demonstrated that molecular 
hydrogen could selectively reduce cytotoxic 
ROS and reactive nitrogen species (RNS), such 
as hydroxyl radicals and peroxynitrite, in vitro 
and exert a therapeutic antioxidant activity in a 
rat middle cerebral artery occlusion model [6]. 
Hydrogen-rich saline (HRS) can attenuate renal 
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I/R injury by reducing oxidative stress and 
inflammation in adult rats [7, 8]. However, the 
potential effect of hydrogen on renal I/R injury 
in aged rats has not been examined. Therefore, 
the present study investigated the possible 
therapeutic effects of HRS on renal I/R injury in 
aged rats.

Materials and methods

Animals

A total of 30 male Sprague-Dawley rats weigh-
ing 225-250 g and 24 months of age (aged 
model) were used in the present study, which 
was approved by the Institutional Animal Care 
and Use Committee at Soochow University. All 
experiments were performed in accordance 
with the National Institutes of Health guidelines 
(NIH Publ. No. 86-23, revised 1985). Before the 
experiments, the animals were fed a standard 
rat chow, drank water ad libitum, and were 
housed in metabolic cages under controlled 
temperature in 12-h light/dark cycles for at 
least one week.

Surgical procedure

Animals were divided into three groups consist-
ing of 10 rats each: (1) sham-operated plus 
physiological saline treatment; (2) renal I/R 
plus physiological saline treatment; and (3) 
renal I/R plus HRS treatment. Sham-operated 
animals underwent the same surgical proce-
dures except that the bilateral renal pedicles 
were not clamped. Physiological saline or HRS 
(8 ml/kg) was injected intraperitoneally 5 min 
before reperfusion. Twenty-four hours after the 
initiation of renal ischemia, the rats were killed 
under anesthesia, blood was drawn, and the 
left kidneys were harvested and frozen in liquid 
nitrogen.

HRS production

Hydrogen was dissolved in physiological saline 
for 6 h under high pressure (0.4 MPa) to a 
supersaturated level using a hydrogen-rich, 
water-producing apparatus produced by our 
department. The saturated hydrogenated 
saline was stored under atmospheric pressure 
at 48°C in an aluminum bag with no dead vol-
ume. HRS was sterilized by gamma irradiation 
and was freshly prepared each week, which 
ensured that a concentration of 0.6 mM was 

maintained. Gas chromatography was used to 
confirm the content of hydrogen in the saline by 
the method described by Ohsawa et al [9]. We 
referenced a paper to intraperitoneal injection 
[8].

Analysis of renal function

Twenty-four hours after renal ischemia, blood 
was used to assess renal function by measur-
ing blood urea nitrogen (BUN) and serum creati-
nine (SCr). The samples were analyzed on a 
COBAS Mira chemical analyzer (Roche; Basel, 
Switzerland) with commercial kits from Sigma 
Chemical Co. (St. Louis, MO, USA).

Histopathology evaluation

Kidney tissue samples from 12-week post-isch-
emic kidneys were stained with hematoxylin 
and eosin, and the staining was semi-quanti- 
tatively graded for tubulointerstitial damage 
(tubular dilation or atrophy and interstitial 
expansion with edema, inflammatory infiltrate, 
or fibrosis) based on a scale of 0 to 3 as follows: 
A score of 0 was given for a normal cortical 
tubulointerstitium; a score of 1 was given for 
mild tubulointerstitial damage affecting up to 
25% of an objective field at 200× magnifica-
tion; a score of 2 was given for moderate tubu-
lointerstitial damage affecting 25-50% of the 
field; and a score of 3 was given for severe 
tubulointerstitial damage affecting more than 
50% of the field. The examiners were blinded to 
the identity of each group, and ten randomly 
selected cortical fields were used to score each 
animal, with the mean score being attributed to 
that animal [10].

Immunohistochemistry

Kidney tissue sections (4-µm thick) were su- 
bjected to immunohistochemical analyses. 
Sections were dewaxed in xylene, rehydrated 
through graded ethanol solutions, rinsed in 
phosphate-buffered saline (PBS) for 5 min, and 
immersed in 3% hydrogen peroxide in methanol 
for 15 min to block endogenous peroxidase 
activity. The slides were rinsed in PBS for 5 min, 
blocked with 5% bovine serum albumin at room 
temperature for 15 min, and then incubated 
with primary monoclonal antibody against 
heme oxygenase-1 (HO-1; 1:100 dilution; 
Boster Biotechnology Ltd.; Wuhan, China) at 
4°C overnight. Rabbit IgG isotype was used as 
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a negative control. Slides were then incubated 
with biotinylated mouse anti-rabbit IgG se- 
condary antibody (Maixin Biotechnology Ltd.; 
Fuzhou, China). Finally, slides were incubated 
with hydrogen peroxide-diaminobenzidine for 1 
min. Sections were counterstained with hema-
toxylin. Estimates of staining intensity were per-
formed by a blinded observer on coded sec-
tions (3-4 sections per kidney and 10-12 fields 
per section). The observer performed light 
microscopy and semiquantitatively scored the 
intensity of HO-1 staining in the whole section 
(0 = none, 1 = weak, 2 = moderate, and 3 = 
strong).

Measurement of antioxidant enzyme activity 
and malondialdehyde (MDA) content

Kidney MDA content and superoxide dismutase 
(SOD) activity were determined according to the 
technical manuals of the detection kits (Nanjing 
Jiancheng Biochemistry Co.; Nanjing, China). 
Kidney tissue was homogenized in phosphate 
buffer (pH 7.4). After centrifugation at 12,000 g 
for 20 min, MDA content and SOD activity in the 
supernatant of each sample were measured 
using the corresponding kits. MDA content was 
measured by the thiobarbituric acid (TBA) 
assay. The method obtained measurements of 
the color produced during the reaction of TBA 
with MDA at 532 nm in a spectrophotometer; 
estimated MDA levels were expressed as nmol/
mg protein. SOD activity was measured using 

the nitroblue tetrazoli-
um (NBT) reduction 
assay, by following the red- 
uction of nitrite by a 
xanthine-xanthine oxid- 
ase system, which is a 
superoxide generator. 
One unit of SOD activity 
is defined as the amount 
that shows 50% inhibi-
tion of NBT reduction.

Real-time reverse tran-
scription polymerase 
chain reaction (RT-PCR)

mRNA levels were det- 
ermined by real-time 
RT-PCR. Primers and 
probes are listed in 
Table 1. Total RNA was 

Table 1. Primers and probes for rat HO-1 and β-actin
Gene Primers and probes Sequence (5’ to 3’)
HO-1 Forward primer GCCTGCTAGCCTGGTTCAAGATACTAC

Reverse primer AGGAAACTGAGTGTGAGGACCCATC
Probe FAM-AGAGACGCCCCGAGGAAAATCCCAGA-TAMRA 

β-Actin Forward primer GCCACTGCCGCATCCTCT
Reverse primer CTGGAAGAGAGCCTCGGGG
Probe FAM-AGCTGCCTGACGGTCAGGTCATCACTATC-TAMRA

Table 2. Effect of HRS treatment on renal function
Aged Aged + I/R Aged + I/R + HRS

BUN (mM) 11.3 ± 7.1 19.9 ± 5.4# 12.3 ± 5.5*

SCr (µM) 129 ± 41 227 ± 64# 147 ± 52*

Data are expressed as mean ± SD, n = 10. Both BUN and SCr levels were greater in the 
aged + I/R group as compared to those of the aged group. HRS treatment significantly 
decreased both BUN and SCr levels. *P < 0.01 vs. the aged + I/R group; #P < 0.01 vs. the 
aged group.

extracted from tissues using a total RNA purifi-
cation kit (Sheneregy Biocolor BioScience and 
Technology Co.; Shanghai, China), according to 
the manufacturer’s instructions. The purity and 
concentration of total RNA was measured by 
the 280 nm: 260 nm absorbance ratio. Total 
RNA (2 µg) was reverse-transcribed to cDNA 
using a first-strand cDNA synthesis kit 
(Fermantas; Vilnius, Lithuania), according to 
the manufacturer’s instructions. All PCRs were 
performed in a Roche Light Cycler (Roche; 
Basel, Switzerland) with a final volume of 25 µl. 
Optimum conditions were obtained with 2.5 µl 
buffer, 1.5 µl MgCl2, 0.5 µl dNTPs, 0.25 µl Taq 
DNA polymerase, 0.1 µl specific sense primer 
(s), 0.1 µl specific antisense primer(s), 0.1 µl 
specific probe(s), and 2 µl template cDNA. 
Finally, 17.95 µl doubly-distilled water was 
added to the reaction mixture. PCR cycling con-
ditions were as follows: initial denaturation at 
95°C for 3 min, 40 cycles at 95°C for 5 s, and 
60°C for 12 s, with measurement of the fluor- 
escence signal at 40°C. Standards for target 
genes were simultaneously analyzed using PCR 
with the appropriate templates. From each 
amplification plot, a threshold cycle (Ct) value 
(defined as the number of PCR cycles required 
for the fluorescence signal of the sample to 
exceed the threshold value) was calculated and 
then used to determine the number of mole-
cules of the particular gene. All samples were 
amplified in duplicate, and the average values 
were then exported to Microsoft Excel for fur-
ther analysis.
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Statistical analysis

Statistical analysis was performed using the 
GraphPad Prism 4.0 software package 
(GraphPad Software, Inc.; San Diego, CA, USA). 
All data were expressed as mean ± SD. 
Statistical analyses were done using one-way 
ANOVA followed by the Student-Newman-Keuls 
(SNK) t-test for multiple comparisons. A P-value 
less than 0.05 was considered as statistically 
significant.

Results

Renal function

Renal function of rats was assessed by mea-
suring the BUN and SCr levels in plasma (Table 
2). In the aged I/R group, BUN and SCr levels 

were significantly (P < 0.05) greater than those 
in the aged group by nearly 2-fold, indicating 
the development of renal failure. In the aged + 
I/R + HRS group, BUN and SCr levels were sig-
nificantly (P < 0.01) less than those in the aged 
+ I/R group. In contrast, the levels of BUN and 
SCr in the aged + I/R + HRS and the aged 
groups did not significantly differ from one 
another (P > 0.05).

Renal oxidative stress

MDA content was significantly greater in the 
aged + I/R group than in the aged group (P < 
0.05; Figure 1A). HRS treatment significantly 
decreased MDA levels compared with the aged 
+ I/R group. Similarly, the level of 8-OHdG in 
aged + I/R rats was significantly greater than 
that in rats not exposed to I/R (P < 0.05; Figure 

Figure 1. Markers of oxidative stress in the different treatment groups. A. MDA level in the kidneys of different groups 
(n = 10). Data are expressed as mean ± SD. *P < 0.05 vs. the aged I/R group; #P < 0.05 vs. the aged group. B. 8-OHdG 
level in the kidney in different groups (n = 10). Data are expressed as mean ± SD. *P < 0.05 vs. the aged I/R group; 
#P < 0.05 vs. the aged group. C. SOD activity in the kidney of different groups (n = 10). Data are expressed as mean 
± SD. *P < 0.05 vs. the aged I/R group; #P < 0.05 vs. the aged group. D. mRNA level of HO-1 in the kidney of different 
groups (n = 10). Data are expressed as mean ± SD. *P < 0.05 vs. the aged I/R group; #P < 0.05 vs. the aged group.
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1B). Additionally, the level of 8-OHdG in the 
aged + I/R + HRS group was significantly less 
than that in the aged + I/R group (P < 0.01; 
Figure 1B).

Renal antioxidant enzymatic activities

The activity of SOD in renal tissue was signifi-
cantly less in the aged + I/R group than in the 
aged group (P < 0.05; Figure 1C). HRS treat-
ment significantly increased the SOD activity as 
compared to that in the aged I/R group (P < 
0.05; Figure 1C).

Histopathology findings

Histopathology analysis showed that tubuloint-
erstitial damage presented as tubular dilation, 

interstitial inflammatory infiltrate, and fibrosis 
in the majority of animals (Figure 2). The tubu-
lointerstitial damage was greater in the aged + 
I/R group than in the aged group (0.80 ± 0.38 
vs. 0.39 ± 0.25; P < 0.05; Figure 2). However, 
HRS treatment significantly decreased the 
score for tubulointerstitial damage (0.48 ± 
0.24 vs. 0.80 ± 0.38 for the aged + I/R + HRS 
group vs. the aged + I/R group; P < 0.05; Figure 
2).

Immunohistochemical staining for HO-1

HO-1 immunostaining was localized to the prox-
imal and distal tubules in the cortex and was 
prominent in the outer stripe region of the outer 
medulla (Figure 3). HO-1 immunostaining inten-

Figure 2. Histology changes in the kidney of different treatment groups. Kidney tissues from rats of all groups were 
fixed, embedded, sectioned, and stained with hematoxylin and eosin. A-C. Representative histology specimens from 
the young group, aged group, young I/R group, and aged I/R group. Original magnification: 200×. Histology changes 
were observed 24 h after renal I/R injury and included tubular dilation or atrophy and interstitial expansion with 
edema, inflammatory infiltrate, or fibrosis. D. Injury scores in different groups (n = 10). Data are expressed as mean 
± SD. *P < 0.05 vs. the aged I/R group; #P < 0.05 vs. the aged group.
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sity in the aged + I/R + HRS group was signifi-
cantly greater than that in the aged + I/R group 
(4.71 ± 2.54 vs. 2.51 ± 1.30, P < 0.01). HO-1 
staining in the aged + I/R group did not differ 
significantly from that in the aged group (2.51 ± 
1.30 vs. 1.53 ± 0.89, P > 0.05; Figure 3).

Renal tissue HO-1 gene expression

HO-1 mRNA levels in the aged, aged + I/R, and 
aged + I/R + HRS groups were determined by 
real-time RT-PCR using β-actin as the reference 
gene (Figure 1D). The HO-1 mRNA level in the 
aged + I/R + HRS group was significantly great-
er than that of the aged + I/R group (0.00543 ± 
0.0035 vs. 0.00317 ± 0.00223, P < 0.05). The 
levels of HO-1 mRNA in the aged + I/R and aged 
groups were not significantly different from one 
another (0.00317 ± 0.00223 vs. 0.00176 ± 
0.00124, P < 0.05).

Discussion

The present study demonstrated that intraperi-
toneal injection of HRS significantly attenuated 
I/R-induced renal dysfunction and tissue injury, 
as observed by the reversal of increases in the 
levels of MDA and 8-OHdG and decreases in 
SOD activity that resulted from I/R. This 
improved renal function was accompanied by 
an increase in HO-1 expression. Because HO-1 
is an inducible antioxidant enzyme, its induc-
tion may be part of the mechanism underlying 
the protective effects afforded by HRS therapy. 
This finding is consistent with results from a 
recent study showing that HRS was able to 
attenuate renal I/R injury in adult rats. 
Compared to normal adult rats, aged rats are 
more susceptible to I/R-induced renal failure, 
which is associated with increased oxidative 
stress, as shown in our previous study [11].

Figure 3. HO-1 expression in the kidneys from different treatment groups. A-C. Representative HO-1 staining of speci-
mens from the aged group, aged I/R group, and aged I/R + HRS group. Original magnification: 400×. D. Immunohis-
tochemistry score for HO-1 staining in different groups (n = 10). Data are expressed as mean ± SD. *P < 0.01 vs. the 
aged I/R group; #P < 0.01 vs. the aged group.
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Persistent oxidative stress is one of the under-
lying causes or components of the aging pro-
cess [6]. Antioxidant treatment has been pro-
posed to prevent aging-related general distur-
bances [12]. In the kidneys, the local synthesis 
of ROS, at least in I/R-injured animals and cul-
tured cells, seems to increase with age [13]. 
Antioxidant treatment may also prevent the 
morphological and functional aging-related 
changes in the kidneys. Our data demonstrate 
that aging aggravates ischemic acute renal fail-
ure in the rat. Compared with same-age control 
animals, rats that underwent I/R had greater 
levels of MDA in renal tissue. However, renal 
MDA content was significantly less in those 
groups that received HRS as compared to those 
groups that received physiological saline. 
These results suggest that HRS is more effec-
tive in aging animals than in young adult 
animals.

The decreased SOD activity seemed to be 
linked to the increased MDA levels in the aged 
I/R rats. SOD is an antioxidant enzyme that is 
important in aging, and a decrease in this 
parameter is correlated with advanced age. 
Here, we found that HRS significantly increased 
SOD activity compared to that in the control 
animals. 8-OHdG is another marker of oxidative 
damage that arises from the reaction of ROS 
with cellular DNA and may accumulate with 
advancing age. The present study showed that 
HRS treatment significantly alleviated oxidative 
stress following I/R injury by reducing levels of 
both renal MDA and 8-OHdG.

HO-1 induction is one of the most sensitive indi-
cators of cellular stress [14]. Induction of HO-1 
in kidney, heart, and liver grafts prior to trans-
plantation provided these grafts protection 
after reperfusion and was associated with 
decreased levels of inflammation [15, 16]. 
Recent studies have indicated that kidneys 
from older animals have an impaired ability to 
upregulate HO-1 in response to I/R injury and 
exhibit a worse injury phenotype compared to 
young animals. Administration of the heme pre-
cursor hemin to one-year-old mice robustly 
induced HO-1 protein expression and provided 
aged mice with both structural and functional 
protection from I/R injury [17]. Similarly, admin-
istration of hydrogen gas had a protective 
effect on injured lung tissue by promoting the 
levels of HO-1 mRNA and protein [18]. 
Consistent with these previous studies, we 
found that HRS increased the levels of HO-1 
mRNA and HO-1 protein in aged rat tissue, sug-

gesting that the protective effects afforded by 
hydrogen gas may be mediated by HO-1 induc-
tion. The protection due to the increased 
expression of HO-1 may in turn be linked to the 
generation of carbon monoxide by the action of 
HO-1 on biliverdin and bilirubin. Carbon monox-
ide has potent vasodilating effects by activat-
ing guanylate cyclase and has been shown to 
prevent I/R injury during organ transplantation 
[19]. Bilirubin and biliverdin, two metabolites of 
heme degradation, act as scavengers of toxic 
oxygen radicals [20]. Moreover, HO-1 induction 
in grafts prior to reperfusion may eliminate free 
heme, which is released from the kidneys dur-
ing the I/R process [21].

It is well known that mitochondria are not only 
the source of energy but also the major source 
of ROS [19]. Mitochondrial function and mor-
phology are impaired in aging, as shown by 
declines in the membrane potential and SOD 
activity [22]. These changes enable accumula-
tion of oxidatively damaged macromolecules 
with aging and render the mitochondria of aged 
animals more susceptible to oxidative injury 
[23]. Qiao et al. [24] demonstrated an aging-
related increase of tubular cell apoptosis in 
renal I/R injury, which may be due to enhanced 
activation of the mitochondrial apoptosis path-
way that results from the increase in oxidative 
stress. Although not directly tested in the pres-
ent study, the findings of decreased SOD activ-
ity and increased MDA levels in aged animals 
after renal I/R injury are consistent with mito-
chondrial dysfunction occurring during the inju-
ry. Furthermore, the exaggerated response in 
older animals as compared to that in young ani-
mals suggests that mitochondrial dysfunction 
is also more extensive in the older animals. 
Hydrogen gas may protect mitochondria by 
scavenging ROS [13], although the exact molec-
ular mechanism by which this occurs is 
unknown.

In conclusion, HRS has a protective effect on 
age-dependent renal I/R injury by reducing free 
radical peroxidation of lipid membranes and 
increasing the activity of antioxidant enzymes. 
The upregulation of HO-1 may play an essential 
role in the protective effects of HRS.
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