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Abstract:    Objective: Skin damage induced by ischemia/reperfusion (I/R) is a multifactorial process that often occurs 
in plastic surgery. The mechanisms of I/R injury include hypoxia, inflammation, and oxidative damage. Hydrogen gas 
has been reported to alleviate cerebral I/R injury by acting as a free radical scavenger. Here, we assessed the pro-
tective effect of hydrogen-rich saline (HRS) on skin flap I/R injury. Methods: Abdominal skin flaps of rats were elevated 
and ischemia was induced for 3 h; subsequently, HRS or physiological saline was administered intraperitoneally 10 min 
before reperfusion. On postoperative Day 5, flap survival, blood perfusion, the accumulation of reactive oxygen spe-
cies (ROS), and levels of cytokines were evaluated. Histological examinations were performed to assess inflammatory 
cell infiltration. Results: Skin flap survival and blood flow perfusion were improved by HRS relative to the controls. The 
production of malondialdehyde (MDA), an indicator of lipid peroxidation, was markedly reduced. A multiplex cytokine 
assay revealed that HRS reduced the elevation in the levels of inflammatory cytokines, chemokines and growth factors, 
with the exception of RANTES (regulated on activation, normal T-cell expressed and secreted) growth factor. HRS 
treatment also reduced inflammatory cell infiltration induced by I/R injury. Conclusions: Our findings suggest that HRS 
mitigates I/R injury by decreasing inflammation and, therefore, has the potential for application as a therapy for im-
proving skin flap survival. 
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1  Introduction 
 
Skin flap transfer is a routine practice in wound 

coverage and reconstruction in plastic surgery. Vi-
ability is the most important concern, but unfortu-
nately occasional distal necrosis is a fact of life and 
good planning is not always sufficient to avoid such 
an outcome. Ischemia/reperfusion (I/R) injury is be-
lieved to be a major cause of flap loss. The formation 

of reactive oxygen species (ROS) during reperfusion 
triggers lipid peroxidation, protein and nucleic acid 
damage (Siemionow and Arslan, 2004), and initiates 
I/R damage (van den Heuvel et al., 2009). Also, in-
flammation is considered to be a critical element in 
the pathogenesis of I/R injury. The massive influx of 
neutrophils results in tissue injury beyond that caused 
by I/R alone. Numerous substances have been ex-
amined in an attempt to attenuate I/R injury in skin or 
muscle, such as hydrogen sulfide (Henderson et al., 
2010), caffeic acid phenethyl ester (Aydogan et al., 
2007), and vitamin E (Arato et al., 2010). Most of 
these studies have shown positive results but lacked 
independent large-scale follow-up reports. 
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Ohsawa et al. (2007) reported that inhalation of 
hydrogen (H2) gas could selectively mitigate ·OH 
damage in a rat model of middle cerebral artery oc-
clusion, generating an antioxidant effect without af-
fecting the signaling of other ROS. Further research 
demonstrated that the inhalation of H2 gas produced 
protective effects on I/R injury in various settings, 
such as myocardial infarction (Hayashida et al., 2008), 
intestinal injury (Buchholz et al., 2008), and hepatic 
injury (Fukuda et al., 2007). Furthermore, H2 has 
been reported to downregulate ConA-induced mouse 
liver inflammation (Kajiya et al., 2009) and to protect 
mice against multiple organ damage in a zymosan- 
induced generalized model of inflammation (Xie et 
al., 2010). 

In contrast to other therapeutic but potentially 
toxic antioxidant gases (nitric oxide, carbon monox-
ide, hydrogen sulfide, and ozone), H2 is less expen-
sive and safer for clinical application (Nakao et al., 
2009). However, the clinical application of H2 gas is 
not convenient and may be dangerous because H2 gas 
is flammable and explosive. H2 gas-saturated physio-
logical saline, or hydrogen-rich saline (HRS), is easy 
to use and safe to apply. To our knowledge, no pub-
lished data exist on the protective effect of HRS on 
skin flap I/R injury. The primary objective of the 
present study was to evaluate the effect of HRS on the 
viability of abdominal skin flaps after I/R. 
 
 
2  Materials and methods 

2.1  Animals 

All experiments were approved by the Com-
mittee on Animal Rights Protection of Peking Union 
Medical College Hospital and were performed in 
accordance with the National Institutes of Health 
(NIH) guidelines for the care and use of laboratory 
animals. 

Adult male Sprague-Dawley (SD) rats weighing 
270–320 g were used in this study. The rats were 
housed under standard conditions at 22 °C to 25 °C 
with a 12-h light-dark cycle and were fed a normal diet 
with water provided ad lib pre- and postoperatively. 

2.2  HRS production and distribution studies 

HRS was made by dissolving H2 in normal saline 
(6 h) under high pressure (0.4 MPa) until supersatu-

rated. The H2 content was confirmed by the method 
described by Ohsawa et al. (2007). Fresh HRS was 
produced weekly to ensure supersaturation. The H2 
concentration was maintained above 0.6 mmol/L. 
Any remaining solution was discarded after the 
package was opened or damaged. 

The rats were anesthetized with an intraperito-
neal (i.p.) injection of pentobarbital at a dose of  
40 mg/kg body weight (BW) and placed in a supine 
position. The rats were also i.p. injected with 5 ml/kg BW 
HRS, 10 ml/kg BW HRS, or the saline control. The 
H2 concentration in the skin flap tissue was measured 
using a needle-type H2 sensor (Unisense, Denmark). 

2.3  Experimental protocol and group 

Sixty male SD rats were divided randomly into 
four groups consisting of 15 animals per group: (1) a 
sham-operated group: no I/R, HRS, or normal saline 
injection; (2) a control group: 3-h ischemia induced by 
clamping the right pedicle followed by an i.p. injection 
of 5 ml/kg BW normal saline 10 min before reperfu-
sion; and (3) two HRS-treated groups: 3-h ischemia 
induced and followed by an i.p. injection of 5 ml/kg BW 
HRS (HRS-5 group) or 10 ml/kg BW HRS (HRS-10 
group), 10 min prior to reperfusion (Fig. 1a). 

2.4  Epigastric skin flap preparation and survival 

An extended epigastric adipocutaneous flap (6 cm× 
9 cm) was raised in each animal (Küntscher et al., 
2002a). The left superficial epigastric artery and vein 
were ligated so that the blood was supplied only by 
the right pedicle. A microvascular clamp was used to 
occlude the artery and vein, inducing skin flap 
ischemia (3 h). The flap was resutured, and a gap was 
left for the removal of the clamp. To prevent ne-
ovascularization in the wound bed, a silicone sheet 
was placed between the flap and the abdominal mus-
cle bed. At the end of the ischemic period, the clamp 
was removed, and heparin (50 000 U/L in 0.5 ml sa-
line) was used to avoid thrombus formation. 

Skin flap survival was evaluated by the general 
observation of survival and necrotic phenomena and 
subsequently confirmed by Laser Speckle Contrast 
Analysis (LASCA) cameras (Perimed AB, Sweden). 
The surviving and necrotic areas were measured us-
ing Acrobat 8.0 software. The percentage of flap 
survival was defined as the ratio of the surviving area 
to the original flap area (Fig. 1b). 
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2.5  Flap perfusion 

Before scanning, the rats were secured onto the 
operative bed so that the whole flap, including part of 
the normal abdominal skin, was exposed. The 
PeriScan PSI system was positioned above the rats so 
that an 11 cm×7.5 cm area was imaged. The image 
acquisition rate was 3 s−1 and lasted for about 3 min. 
The ambient temperature was maintained between 22 
and 25 °C during this process.  

On the operative day, blood flow perfusion was 
detected before surgery and at 1, 2, and 3 h after sur-
gery, denoted Hour 0, Hour 1, Hour 2, and Hour 3, re-
spectively. Perfusion of the necrotic and survival areas 
was analyzed on the fifth postoperative day. Vascular 
flow was measured using perfusion units (PUs). 

2.6  Hematoxylin and eosin (H&E) staining 
 

On the fifth postoperative day, three pieces of 
the flap tissue (each about 1 cm2 in size) were taken 
from the surviving areas of the flap. The harvesting 
locations were proximal, middle, and distal along the 
vascular axis. Samples were sectioned into pieces and 
fixed with 4% paraformaldehyde in 0.1 mol/L phos-
phate buffer. They were then embedded in paraffin, 
mounted onto slides, and H&E stained. 

2.7  Malondialdehyde (MDA) measurement 

Briefly, 25 mg of frozen flap tissues, cut into 
pieces on ice, were homogenized in RIPA buffer 
using a manual glass homogenizer, and centrifuged 
for 10 min. The supernatant was used for analysis. 
The MDA content of homogenates was determined 
spectrophotometrically by measuring the presence of 
thiobarbituric acid reactive substances (Cayman, 
USA). Results are expressed as cMDA in nmol/mg 
protein. 

2.8  Multiplex cytokine assay 

A rat 23-plex kit (Bio-Rad Laboratories, Her-
cules, CA, USA) was used to determine the concen-
trations of 23 cytokines simultaneously in the sur-
viving flap tissues, including interleukin (IL)-1α, 
IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12, 
IL-13, IL-17, IL-18, tumor necrotic factor (TNF)-α, 
macrophage inflammatory protein (MIP)-1α, MIP-3α, 
interferon (IFN)-γ, erythropoietin (EPO), macrophage 
colony-stimulating factor (M-CSF), granulocyte- 
macrophage colony-stimulating factor (GM-CSF), 
granulocyte colony-stimulating factor (G-CSF), 
vascular endothelial growth factor (VEGF), regulated 
on activation, normal T-cell expressed and secreted 
(RANTES) growth factor, and growth-regulated on-
cogene/KC (GRO/KC). The samples (100 mg per 
sample tissue) were homogenized using a cell lysis kit 
(Bio-Rad Laboratories), and the protein concentra-
tions were measured by the Bradford assay (Tiangen, 
Beijing, China). 

In brief, the lysates were diluted to 900 μg/ml, 
and 50 μl of each diluted sample was incubated with 
antibody-coupled beads. The complexes were washed, 
incubated with a biotinylated detection antibody, and 
then incubated with streptavidin-phycoerythrin prior 
to assessing the cytokine concentration titers. Assay 

(a) 

(b) 

Fig. 1  Schematic illustration of the experimental proto-
col used to determine the effect of HRS on I/R skin flaps 
(a) Experimental protocol: sixty SD rats were divided into 
four groups as described in the “Materials and methods” 
section. Occlusion (3 h) induced ischemia, and HRS or saline 
was injected. Blue arrows indicate blood flow detection, and 
red arrows indicate reperfusion time points. (b) A rectangular 
6 cm×9 cm skin flap was raised in each animal and blood was 
supplied by the right superficial epigastric artery. Surgery led 
to ischemia and subsequent necrosis in the distal part of the 
skin flap. The percentage of tissue survival was quantified by 
planimetry, calculating the area of survival (red area) divided 
by the area of the skin flap (green area) (Note: for interpre-
tation of the references to color in this figure legend, the 
reader is referred to the web version of this article) 

Ischemic 
gradient 
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standards resuspended in standard diluents were used 
to plot the standard curves. Cytokine concentrations 
were determined by comparison against a set of 
standards. The data were automatically processed and 
analyzed by Bio-Plex Manager Software 4.0. 

2.9  Statistical analysis 

All data are reported as the mean±standard error 
of the mean (SEM). The differences between the 
levels of cytokines in each group were determined via 
one-way analysis of variance (ANOVA), and the 
Student’s t-test was used to analyze the differences 
between the surviving and original flap areas. A 
2-tailed probability level of P<0.05 was used to in-
dicate statistical significance. Non-significant results 
are reported as ‘ns’. 

 
 

3  Results 

3.1  Intraperitoneal injection of HRS significantly 
increased the H2 concentration in the flap 

A linear correlation was found between the 
current value of the H2 microelectrode and the H2 
concentration (0–50 μmol/L, R2=0.9993; data not 
shown). H2 concentrations peaked at about 5 min 
after the HRS injection (Fig. 2). HRS treatment at  
5 ml/kg BW increased the H2 concentration to 
(19.14±1.41) μmol/L, while 10 ml/kg BW HRS in-
creased the H2 concentration to (32.18±0.56) μmol/L. 
These results suggest that i.p. administration of HRS 
may efficiently deliver H2 into skin flaps. Further-
more, we found no significant difference in the pH 
values between HRS and normal saline (HRS, 
7.32±0.02; saline, 7.34±0.03). 

3.2  Flap survival was improved by HRS treatment 

On the fifth postoperative day, necrotic tissues 
were observed and presented as grey, brown, or black 
areas with little elasticity. In contrast, the tissue in 
surviving areas maintained normal elasticity and the 
skin color was pink and white (Fig. 3a). The quanti-
tative analysis showed that the survival in the control 
group accounted for (13.92±1.53)% of the total flap 
area, whereas it represented (26.52±2.60)% in the 
HRS-5 group (P<0.01 vs. control) and (39.85±5.32)% 
in the HRS-10 group (P<0.001 vs. control) (Fig. 3b). 
The control group flap showed a variable degree of 

full-thickness necrosis and petechiae. These parame-
ters were significantly diminished in the HRS groups, 
suggesting a protective effect of HRS treatment on 
skin flap necrosis. 
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Fig. 2  Effect of HRS on H2 concentration in the skin flaps
HRS increases H2 concentration in the skin flaps. 5 or 
10 ml/kg BW HRS was i.p. injected. The rats were anesthe-
tized with pentobarbital (40 mg/kg BW). A H2 microelec-
trode (diam. 50 μm) was inserted into the skin flaps. H2 
concentration peaked at about 5 min post-injection. The 
results are expressed as mean±SEM (n=15) 
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Fig. 3  Effect of HRS treatment on the survival rate of 
skin flaps on postoperative Day 5 
(a) Rats were anesthetized with i.p. pentobarbital injection 
and secured to the operative bed. The image was captured 
with a digital camera. Obvious necrosis was observed in the 
control group, whereas HRS significantly improved the 
survival rate in both the HRS-5 and HRS-10 groups. (b) Flap 
survival was assessed using the methods described in Fig. 1b. 
Survival area percentage was (13.92±1.53)% of the total flap 
area in the control group compared to (26.52±2.60)% in the 
HRS-5 group and (39.85±5.32)% in the HRS-10 group. 
The results are expressed as mean±SEM (n=15). * P<0.05, 
** P<0.01, *** P<0.001 
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3.3  Flap perfusion was ameliorated by HRS 
treatment 

 
The evaluation of skin flap perfusion was ac-

complished as described in the “Materials and methods” 
section. As we expected, occlusion (3 h) significantly 
decreased blood flow (Figs. 4a and 4b). There were 
no significant differences in the decrease in blood 
perfusion among the three operative groups (HRS-5, 
HRS-10, and control). In contrast, the non-occluded 
sham group showed relatively stable and much better 
perfusion (Fig. 4c). These results indicate that a 3-h 
occlusion was enough to induce flap ischemia.  

Because the flap was axial and centered on the 
right superficial epigastric artery and vein, the resto-
ration of blood flow following severe ischemia began 
from the proximal portion of the flap. On postopera-
tive Day 5, perfusion was only (38.98±3.81) PU in the 
control group. A significantly higher blood perfusion 
was measured in the HRS groups compared with the 
controls (Fig. 5a). The quantification of blood flow 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

was (71.32±12.88) PU in the HRS-5 group and 
(81.79±13.56) PU in the HRS-10 group (P<0.05 vs. 
control). There was no significant difference in the 
blood flow levels between the HRS-5 and HRS-10 
groups (t=3.17, P>0.05) (Fig. 5b). These data suggest 
that HRS treatment significantly improves blood flow 
in skin flaps during reperfusion. 

3.4  Histological analysis 

Histological analysis of H&E stained tissues was 
performed to qualify ischemic lesions. As we ex-
pected, inflammation was progressively more severe 
moving from the proximal to distal portion of the 
tissue, as denoted by an increase in the number of 
inflammatory cells. No significant infiltration was 
observed in the sham-operated animals. In contrast, a 
significant number of infiltrated cells were observed 
in the skin flaps of the untreated rats in the control 
group. Thus, treatment with HRS decreased this in-
filtration, suggesting that HRS attenuates activation 
of the inflammatory response (Fig. 6). 
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Fig. 4  Laser speckle contrast imaging for measuring 
changes in blood flow perfusion during the periopera-
tive period 
(a) Laser speckle contrast imaging was used to estimate 
perfusion before the operation and at 1, 2 and 3 h after the 
operation. The region of interest (ROI) was the entire ab-
dominal flap. Occlusion for 3 h was enough to cause skin 
flap ischemia. The color scale illustrates variation in blood 
flow from maximal (red) to minimal (dark) perfusion.
(b) Flux patterns revealed that occlusion successfully
caused the decrease in perfusion from 150 PU to 70 PU, 
whereas the sham group without occlusion had a relatively 
stable blood perfusion. The image acquisition rate was 3 s−1

and lasted for about 3 min at Hour 0, Hour 1, Hour 2, and 
Hour 3. (c) There was no significant difference in blood 
perfusion between the four groups before the operation. 
The sham group had a much higher perfusion rate at the 3 h 
time point. The results are expressed as mean±SEM (n=15) 
(Note: for interpretation of the references to color in this 
figure legend, the reader is referred to the web version of 
this article) 
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Fig. 5  Blood flow perfusion analysis using LACSA on postoperative Day 5 
(a) The blood flow perfusion in the surviving and necrotic areas was detected. The images demonstrate that HRS ameliorated 
skin blood flow perfusion in both HRS treatment groups. (b) Quantitative analysis of blood flow on postoperative Day 5. 
HRS groups had higher blood perfusion compared with the controls. Blood perfusion is expressed as mean±SEM (n=15). 
* P<0.05 
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Fig. 6  Photomicrographs of the middle area of skin flaps in different groups 
The number of infiltrated cells increased from the proximal to the distal portions of the skin flaps. Normal skin tissue was 
observed, and no obvious inflammation was observed in the sham group. We observed significant cellular infiltration in the 
control group, suggesting higher activation of the inflammatory process. In contrast, HRS-5 and HRS-10 treatments sig-
nificantly decreased cellular infiltration. The red arrows indicate inflammatory cells (Note: for interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article) 



Zhao et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)  2013 14(5):382-391 
 

388 

3.5  HRS treatment inhibited the elevation of MDA 

As a measurement of lipid peroxidation, MDA 
levels in the proximal, middle and distal portions of 
the skin flap were measured. We found that the MDA 
levels increased from the proximal portion to the 
distal portion, but there were no significant differ-
ences between the three parts (data not shown). The 
results are expressed as the average of the three parts 
and correspond to samples obtained 5 d after surgery. 
The rats subjected to skin flap I/R exhibited an in-
crease in MDA levels compared with the sham- 
operated rats on the fifth postoperative day (Fig. 7). 
MDA formation averaged (25.32±1.79) nmol/mg pro-
tein. Treatment with HRS resulted in a marked re-
duction in MDA levels in the HRS-5 group ((14.27± 
1.43) nmol/mg protein) and in the HRS-10 group 
((8.17±0.72) nmol/mg protein). These results suggest 
that HRS treatment significantly attenuated lipid pe-
roxidation in the I/R skin flaps. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.6  Cytokine evaluation 

Cytokines in the proximal, middle, and distal 
portions of surviving tissue were detected, and the 
data are reported as the average of the three parts. We 
successfully detected 17 of all 23 cytokines. The 
levels of 17 cytokines were higher in the control 
group than in the sham-operated group. HRS treat-
ment evidently prevented the upregulation of in-
flammatory mediators, including IL-1β, IL-2, IL-4, 
IL-5, IL-6, IL-7, IL-12, IL-13, IL-18, and TNF-α  
(Fig. 8a).  
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Fig. 7  Production of MDA in the skin flap 
The control group exhibited a significantly higher MDA 
level, whereas HRS decreased the production of MDA. 
The results are expressed as mean±SEM (n=15). * P<0.05, 
** P<0.01, *** P<0.001 
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Fig. 8  Cytokine profiles on skin flaps 
Tissues were harvested at postoperative Day 5 from the 
proximal, middle, and distal points along the vessel axis. 
Cytokine production was assessed by multiplex analysis of 
tissue homogenates. (a) HRS administrated 10 min before 
reperfusion markedly reduced the up-regulation of all in-
flammatory cytokines. (b) Chemokines were reduced by 
HRS treatment, with the exception of RANTES. GRO/KC 
was markedly reduced in the HRS-10 group. (c) HRS 
treatments decreased the levels of GM-CSF and M-CSF in 
the tissues. Cytokine changes indicated the alleviation of 
inflammation. The results are expressed as mean±SEM 
of three parts (proximal, middle, and distal). * P<0.05, 
** P<0.01, # P<0.001 
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I/R injury also induced the elevation of the 
concentrations of the detected chemokines (Fig. 8b). 
MIP-1α, MIP-3α, and IFN-γ levels were reduced by 
HRS in both the HRS-5 and HRS-10 groups. 
GRO/KC, a potent neutrophil chemoattractant, was 
reduced by higher-dose HRS administration. How-
ever, there was no significant difference in the 
RANTES level between the HRS group and the con-
trol group. 

GM-CSF is a cytokine that functions as a white 
blood cell growth factor. M-CSF is a hematopoietic 
growth factor that is involved in the proliferation and 
differentiation of monocytes and macrophages. HRS 
treatment reduced the upregulations of GM-CSF and 
M-CSF compared to the controls (Fig. 8c).  
 
 
4  Discussion 
 

In this study, we report the protective effect of 
HRS on skin flaps after 3 h of ischemia. Our data 
demonstrate that i.p. HRS administration improved 
skin flap survival, ameliorated microvascular blood 
flow disturbances, and reduced MDA production. 
HRS also alleviated inflammation-related events by 
reducing leukocyte infiltration and pro-inflammatory 
cytokine production. Histology indicated that the 
recruitment of leukocytes was reduced, and sixteen 
measured inflammatory-relevant cytokines were 
downregulated by HRS treatment. Taken together, 
these results indicate that HRS may be a novel anti-
oxidant and anti-inflammatory agent with a promising 
role in protecting skin flaps from I/R injuries. 

Flap complications commonly occur in skin flap 
transfer procedures for wound coverage and recon-
struction in plastic surgery. Although many strategies 
have been investigated to prevent flap morbidity, 
including pharmaceutical agents, preconditioning 
(Küntscher et al., 2002b; Dacho et al., 2009), and 
postconditioning (Moon et al., 2008; Yan et al., 2010), 
the total loss of microsurgically transferred flaps is 
about 1%–5% in experienced hands (Harder et al., 
2008). The partial flap necrosis rate is 7%–20% of 
free flaps and 20%–30% of pedicled flaps. I/R inju-
ries are an important reason for flap necrosis and 
failure. 

During reperfusion many ROS evolve in a short 
period of time, thereby flooding the antioxidant sys-

tem. ·OH is the strongest of the oxidant species, and 
mammalian species lack endogenous detoxification 
systems to neutralize it. Therefore, the therapeutic 
targeting of ·OH could be critical for the amelioration 
of oxidative injury. Free-radical scavengers can 
convert toxic ROS into common and relatively 
harmless end products. Many antioxidants, such as 
superoxide dismutase (Manson et al., 1983), grape 
seed proanthocyanidin extract (Karaaslan et al., 2010), 
and melatonin (Gurlek et al., 2006), have been used to 
limit tissue injury. However, strategies that decrease 
oxidative status intensively may produce unwanted 
side effects because at low levels ROS function as 
signaling molecules to regulate apoptosis, cell pro-
liferation and differentiation. 

H2 was reported as a new antioxidant and a se-
lective scavenger of ·OH effective in various organs 
(Nagata et al., 2009; Zheng et al., 2009; Sun et al., 
2011). H2 can convert hydroxyl into water (H2+·OH 
→H2O+·H). Because H2 is electronically neutral and 
a small molecule, it should easily penetrate the cel-
lular and intracellular membranes that are normally 
barriers preventing water-soluble antioxidants from 
entering cells and organelles, such as the mitochon-
dria, a major source of ROS production. We moni-
tored the concentration of H2 in skin flaps using 
real-time dynamic methods and found that the skin 
flap H2 concentration reached a peak at about 5 min 
after HRS i.p. injection. MDA production during free 
radical attack on membrane lipoproteins and poly-
unsaturated fatty acids is an indicator of lipid per-
oxidation. In this study, the notable increase in MDA 
levels in the control group confirmed the oxidative 
damage in the skin flap. In contrast, HRS treatments 
markedly reduced MDA production; thus, we con-
clude that the i.p. administration of HRS may prevent 
damage associated with ROS. 

Another important factor contributing to flap 
damage is the release of inflammatory mediators 
during reperfusion. ROS can activate TNF-α and 
IL-1β expression by upregulating the nuclear factor 
κB (NF-κB) signaling pathway. Subsequently, pro- 
inflammatory cytokines (TNF-α, IL-1, IL-6), 
chemokines (MIP-1α), and growth factors (GM-CSF, 
M-CSF) cause macrophage maturation, which further 
activates the immune/inflammatory cascade and re-
sults in the secretion of more inflammatory cytokines. 
On postoperative Day 5, inflammation remained  
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severe in the controls as manifested by the higher 
expression of cytokines and increased inflammatory 
cell infiltration relative to the sham-operated group. 
HRS administration attenuated IR-induced expres-
sions of pro-inflammatory cytokines, growth factors, 
and cytokines (IL-2, IL-3, IL-4, etc.). Histological 
examination also demonstrated clearly that HRS in-
jection prevented structural skin damage with mild 
inflammatory accumulation. Given the complexity of 
cross-reactions between ROS and pro-inflammatory 
mediators, the H2-mediated suppression of inflam-
mation induced by I/R injury may also involve anti-
oxidant effects of H2. 

Many materials are known to increase flap vi-
ability, but the majority of these agents with proven 
efficacy require systemic and relatively high dosages, 
which may cause system side effects. H2 can reach 
relatively high concentrations quickly, and excessive 
H2 can be eliminated from the body via breathing, 
causing no side effects (Chen et al., 2011). In addition, 
therapeutic H2 effects on humans have been reported 
for diabetes mellitus type 2 (Imai et al., 2008), 
hemodialysis (Nakayama et al., 2010), inflammatory 
myopathies (Ito et al., 2011), radiotherapy for liver 
cancer (Kang et al., 2011), and acute erythematous 
skin diseases (Ono et al., 2012). H2 can be adminis-
tered through intravenous injection or drink. Potent 
antioxidant activity, easy application, lack of sig-
nificant toxicological effects, and cost-effectiveness 
make HRS an ideal candidate for flap survival in the 
clinical setting. 

 
 

5  Conclusions 
 
HRS increased the surviving areas of rat epi-

gastric adipocutaneous flaps and decreased oxidative 
stress and inflammation in these tissues. Thus, the 
results of the current study validate the therapeutic 
potential of HRS by demonstrating that HRS injection 
10 min before reperfusion mitigates I/R injury. 
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