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Abstract. – BACKGROUND: Skin flap grafting
(SFG) is a common surgical operation, and hyper-
baric oxygen treatment (HBOT) is an important
strategy for restoring the grafted skin flap. Thus,
we employed a rat skin flap grafting model treated
with HBO, and expression levels of high mobility
group protein 1 (HMGB1) and NF-kappaB (nuclear
factor-kappaB) were characterized.

MATERIALS AND METHODS: Forty rats were
randomly assigned to 5 groups: (1) sham-operation
(SH), (2) ischemia followed by reperfusion 3 days af-
ter operation (IR3d), (3) ischemia followed by reper-
fusion 5 days after operation (IR5d), (4) ischemia fol-
lowed by reperfusion and HBOT 3 days after opera-
tion (HBO3d), and (5) ischemia followed by reperfu-
sion and HBOT 5 days after operation (HBO5d). Ele-
vated pedicled skin flaps were designed (size, 9 cm
× 6 cm), and feeding vessels were clamped.The mi-
crovascular clamp was removed 3 h later and flow
was restored. In the HBO3d and HBO5d groups, rats
received 1 h of hyperbaric oxygen (HBO) starting
immediately after surgery for 3 days and 5 days,
respectively. Upon completion of animal experi-
ments, rats were euthanized by general anesthe-
sia, and blood samples were taken for testing. The
tissues were sectioned for western blotting and
immunohistochemical staining.

RESULTS: Expression of HMGB1 and NF-κκB
proteins in the HBO groups was lower than in
the IR groups.

CONCLUSIONS: The results suggest that HBOT
can be used to reduce ischemia-reperfusion (IR)
injury of skin flap grafts.

Key Words:
Hyperbaric oxygen treatment, Skin flap, HMGB1,

NF-B.

Introduction

The skin flap graft is a form of transplantation
used in reconstructive surgery. Skin flap graft
surgery is successful in 90-95% of cases; howev-
er, some cases may result in partial or complete
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flap loss. Skin flap injury is a major consequence
of ischemia-reperfusion (IR) injury1-3. Major
mechanisms for IR injury are thought to include
oxygen free radical formation and leukocyte-me-
diated inflammation4. Previous studies of hyper-
baric oxygen (HBO) treatment have revealed its
beneficial effects for treating IR injuries such as
ischemic stroke, myocardial infarction, and trans-
plantation5-7. Kayvan et al8 isolated neutrophils
from rat gracilis muscle flaps and incubated the
neutrophils with HBO on cover slips8. The re-
sults showed that hyperbaric oxygen significantly
reduced neutrophil adhesion. However, further
investigation is needed to characterize the molec-
ular mechanisms and signaling pathways con-
tributing to the HBO effect in IR injury.

Several recent studies have shown that HMGB1
(high mobility group box 1) and NF-κB (nuclear
factor-kappaB) are major protagonists of IR patho-
genesis. NF-κB is a common transcriptional activa-
tion factor; its activation can induce the release of
tumor necrosis factor (TNF) and interleukin (IL)-
1)/IL-6, followed by the inflammatory process.
Chen et al9 found mutual promotion between NF-
κB and IL-1 expression in rats during global cere-
bral ischemia-reperfusion (GCIR). HMGB1 acts as
a late-acting distal inflammatory mediator during
injury10; active release of HMGB1 occurs later than
that of the early cytokines IL-1 and TNF. Active re-
lease of HMGB1 from monocytes can subsequent-
ly activate the release of several different cy-
tokines, producing a cascade effect and increasing
the severity of IR injury11-13.

We explored the molecular mechanisms of the
HBOT effect on IR injury through the initiating
factor NF-κB and later the inflammatory media-
tor-HMGB1, as well as the relationship between
these molecules. We examined whether HBOT
can prevent release of HMGB1 and NF-κB. 
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Materials and Methods

Experimental Animals
All experiments were performed in accordance

with the ethical guidelines by the Committee for
the Control and Supervision of Experiments on
animals at Capital Medical University (Beijing,
China). Healthy adult male Sprague-Dawley rats
(250-300 g at the beginning of the study) were
used. Rats were maintained at 25°C ± 1.0°C with
a 12-h dark/light cycle and given food and water
ad libitum. 

Experimental Groups
Forty rats were randomly assigned to 1 of the

following 5 groups and subjected to the following
treatments: sham-operation (SH; 21% O2 at 1.0
ATA: atmosphere absolute) (n = 8), ischemia fol-
lowed by reperfusion 3 days after operation (IR3d;
21% O2 at 1.0 ATA) (n = 8), ischemia followed by
reperfusion 5 days after operation (IR5d; 21% O2

at 1.0 ATA) (n = 8), ischemia followed by reperfu-
sion and hyperbaric oxygen treatment 3 days after
operation (HBO3d; 100% O2 at 2.0 ATA) (n = 8),
or ischemia followed by reperfusion and hyperbar-
ic oxygen treatment 5 days after operation
(HBO5d; 100% O2 at 2.0 ATA) (n = 8).

The Epigastric Pedicle Skin Flap Model
All procedures were performed aseptically under

anesthesia using intraperitoneal injections of 10%
chloral hydrate at a dose of 350 mg/kg. The rats
were fixed on wooden shelves after shaving and
washing the abdomen. Single inferior epigastric
vessel pedicled skin flaps were designed and elevat-
ed (9 cm × 6 cm). Skeletonization of the right infe-
rior epigastric artery and vein pedicle was per-
formed while the contralateral inferior epigastric
vessel was suture-ligated; feeding vessels were
clamped using a microvascular clamp to achieve is-
chemia. For reperfusion, the microvascular clamp
was removed 3 h later and flow was restored. The
flaps were repositioned above a silicone sheet (on
the same area as the flap) to prevent vascular supply
other than the pedicle using continuous 5-0
monofilament nylon sutures. The sham-operated
group underwent the same operation but was not
exposed to ischemia. All rats received a single dose
of an intramuscular injection of 0.8 mg/g penicillin
sodium postoperatively.

Hyperbaric Oxygen Treatment
In the HBO3d and HBO5d groups, rats were

placed into a custom-made pressure chamber of

transparent acrylic plastic (701 Space Research
Institute, Beijing, China) immediately after
surgery and received 1 h of HBO therapy at 2.0
ATA with 100% O2 twice per day (at 8-h inter-
vals) for 3 days and then daily for 2 consecutive
days. Compressed air was supplied at a rate of 1
kg/cm2/min to 2.0 ATA/100% oxygen and main-
tained for 60 min. The chamber was flushed with
100% oxygen at a rate of 5 L/min to avoid car-
bon dioxide accumulation. Decompression was
performed at 0.2 kg/cm2/min. During HBO expo-
sure, oxygen and carbon dioxide contents were
monitored continuously and maintained at ≥ 98%
and at ≤ 0.03%, respectively. The chamber tem-
perature was maintained between 22°C and
25°C. To minimize the effects of diurnal varia-
tion, all HBO exposures were started at around
8:00 AM and 4:00 PM. For the SH, IR3d, and
IR5d groups, the rats were treated postoperative-
ly with normobaric air at 1.0 ATA in 21% oxygen
at an ambient temperature of 22-25°C.

Flap Measurements
Flaps were evaluated on postoperative days 3

and 5. The surviving area of the flap was deter-
mined grossly based on its appearance, color,
and texture. Outlines of viable and nonviable
areas were traced using transparent film; the
film was subsequently scanned. Using Image
Pro Plus Software (version 6.0, Media Cyber-
netics LP, Silver Spring, MD, USA) the viabili-
ty of each flap was calculated. Results are ex-
pressed as a percentage relative to the total flap
surface area.

Histologic Analysis
Each flap was evaluated 3 days and 5 days af-

ter operation. For each flap, 3-4-µm sectioned
tissue blocks from the viable region were fixed in
a standard manner in 10% formalin and embed-
ded in paraffin for hematoxylin-eosin staining.
Next, images were obtained using an Olympus
BX51 microscope with a 40× objective (Tokyo,
Japan). According to Marty Zdichavsky’s score
for skin injury41 and Rongione’s histological
score for acute pancreatitis42, the degree of mi-
croscopic injury was scored based on the follow-
ing histological changes: congestion, epidermis
edema, and leukocyte infiltration. Injury severity
was graded for each variable: no injury = 0; in-
jury to 25% of the field = 1; injury to 55% of the
field = 2; injury to 75% of the field = 3; and dif-
fuse injury = 4. All evaluations were performed
in a double-blinded manner. 
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Immunohistochemistry Staining
Histological sections of tissues, 3-4-µm thick,

were obtained, fixed in 10% formalin, and paraf-
fin-embedded. Sections were deparaffinized in
xylene and rehydrated in ethanol, and endoge-
nous peroxidase was blocked by immersion in
methanol containing 0.3% hydrogen peroxidase
for 20 min. Before incubation, the sections were
permeabilized and blocked with normal goat
serum. The sections were incubated overnight at
4°C with their respective primary antibodies
(Histostain-Plus Kit, Sunbio, Beijing, China). On
the following day, sections were incubated with
secondary antibodies and horseradish enzyme
markers for 10-15 min, followed by staining with
diaminobenzidine. The slides were examined us-
ing a Nikon i50 microscope (Tokyo, Japan). The
proportion of positively stained cells was calcu-
lated as the number of positive cells divided by
total cell number. 

Protein Preparation
Flap tissues were frozen in liquid nitrogen and

stored at –80°C until analysis. The tissue was ho-
mogenized in ice-cold isolation solution contain-
ing 250 mmol/L sucrose, 10 mmol/L tri-
ethanolamine, 1 µg/mL leupeptin, and 0.1
mg/mL phenylmethylsulfonyl fluoride. Ho-
mogenates were centrifuged at 12,000 rpm for 10
min at 4°C to separate incompletely homoge-
nized tissue. The supernatants were collected and
protein concentrations were measured using a
protein assay kit (Sunbio, Beijing, China). For
deglycosylation of proteins, an N-glycosidase F
Deglycosylation Kit (Roche, Mannheim, Ger-
many) was used.

Western Blotting
Total proteins (50 µg/sample) were diluted in

5× loading buffer (0.25 mol/L Tris-HCl, pH 6.8;
10% sodium dodecyl sulfate; 0.5% bromophenol
blue; 50% glycerol; 0.5 mol/L dithiothreitol) and
boiled for 5 min. Sodium dodecyl sulfate poly-
acrylamide gel (SDS-PAGE) electrophoresis was
carried out on 12% gradient gels. The proteins
were electrophoretically transferred to
polyvinylidene difluoride (PVDF) membranes
that had been pre-treated with methanol; mem-
branes were blocked for 1 h at room temperature
in Tris-buffered saline containing 0.1% Tween
20 (TBS-T) containing 5% nonfat dry milk.
Membranes were incubated overnight at 4°C
with anti-HMGB1 antibody (1:100, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) and

anti-NF-κB antibody (1:500, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) in
TBS-T containing 5% nonfat dry milk. After
washing in TBS-T, the membranes were incubat-
ed with horseradish peroxidase (HRP)-labeled
anti-rabbit antibody (1:3,000, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) for
2-3 h at room temperature. The blots were devel-
oped using enhanced chemiluminescence agents
(ECL Plus, Sunbio, Beijing, China) before expo-
sure to X-rays. To confirm equivalent sample
loading, the same membranes were incubated
with anti-β-actin antibody (1:300, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) and
visualized using enhanced chemiluminescence
as described. For quantification, films of the
western blots were scanned using a Minolta
scanner and Adobe Photoshop software. Label-
ing density was quantitated using Lab Works
software (UVP, Upland, CA, USA). The value of
the relative densities of HMGB1 and NF-κB
bands was normalized to the density of actin to
represent the amounts of HMGB1 and NF-κB
protein. 

Statistical Analysis
Statistical analysis was performed using the

SPSS 15.0 (SPSS Inc., Chicago, IL, USA) statis-
tical program. All quantitative data were ex-
pressed as mean ± SD (standard deviation). One-
way analysis of variance was used to test the dif-
ferences in HMGB1 and NF-κB western blots
and survival area. A value of p < 0.05 was con-
sidered statistically significant. Relationships be-
tween skin injury scores and expression of
HMGB1 or NF-κB were analyzed by calculating
Pearson product-moment correlation coefficients.
A value of p < 0.05 was considered statistically
significant.

Results

HBO Therapy Increases Skin Graft Survival
The average area of flap necrosis was 23.5%

in group SH and 56.2% in group IR3d. Group
IR5d had an average flap necrosis of 66.8%; av-
erage necrotic areas in the HBO3d and HBO5d
groups were 45.7% and 36.8%, respectively.
Groups HBO3d and HBO5d had significantly
lower average areas of flap necrosis than groups
IR3d and IR5d, respectively (p < 0.05) (Figure
1). This shows that HBOT effectively decreased
the necrosis rate of skin flaps after grafting.
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Figure 1. Flap necrosis area was assessed on postoperative days 3 and 5 using ipp6.0 software to estimate the ratio of the
necrotic (brown) and total flap areas in the photograph. Necrosis area is expressed as a percentage of the total flap area.

Figure 2. A, Illustrative skin flap microscopic pictures: SH group rats (left), IR5 group rats (middle), HBO5 group rats
(right). B, Value of IR injury for SH group (a; n = 8), IR5 groups (b; n = 8), HBO5 groups (c; n = 8). Data are presented as
mean ± SD, **p < 0.05 or ▲▲p < 0.01 for SH versus IR5 group or SH versus HBO5 group or IR5 group versus HBO5 group.
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low levels of effusion. The color of the skin flap
became light purple or pink. Histological exami-
nation of the skin flap sections from the IR
groups showed marked edema and congestion
(Figure 2). Injury scores, including scores for
congestion, epidermis edema, and leukocyte in-

HBO Therapy Attenuates Ischemia 
Reperfusion Injury after Skin Flap Graft 

After grafting, the skin flaps from IR groups
showed edema, effusion, and necrosis; the color
of skin flap became dark purple. However, skin
flaps of the HBO groups were dry and showed
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Positive Correlation between Skin Injury
Score and HMGB1 or NF-κκB Expression

Pearson correlation analysis showed that ac-
cording to western blot results, there was a posi-
tive correlation between acute skin injury scores
(epidermis edema, leukocyte, and congestion
scores) and HMGB1 or NF-κB expression (Table
I). Thus, HMGB1 or NF-κB release increased
during IR injury. 

Discussion

The use of skin flap grafts in reconstructive
surgery has increased significantly. Various studies
have shown that HBOT can improve the survival
rate of grafted skin flaps after operation6,14-16.
HBOT can improve oxygen partial pressure and
oxygen reserves of the grafted skin flap, as well
as relieve the hypoxic state of a grafted skin flap
before blood circulation has been established.

filtration, were significantly increased in the IR
groups compared with values in the SH groups.
Compared with the IR groups, injury scores for
animals in the HBO groups were significantly
lower. These results indicate that HBO treatment
(HBOT) can attenuate IR injury of skin flaps af-
ter grafting.

HBOT Attenuates Expression of HMGB1
or NF-κκB in Skin Flaps

Both western blotting (Figure 3) and immuno-
histochemical staining (Figures 4 and 5) showed
that expression of NF-κB and HMGB1 in the
skin flap tissue in IR groups was significantly
higher than in the SH group (p < 0.01). A signifi-
cant difference was observed in expression of
HMGB1 and NF-κB proteins between the IR
groups and corresponding HBO groups. Levels
of HMGB1 and NF-κB proteins were decreased
in the HBO groups compared with the corre-
sponding IR groups (p < 0.01). 

Figure 3. A-B, Expression of HMGB1 and NF-κB protein in the SH group (n = 7), IR groups (IR3 group, IR5 group, n = 7),
and HBO groups (HBO3 group, HBO5 group, n = 7), detected using western blot analysis. Data are presented as mean ± SD,
**p < 0.05 for SH versus IR3 group or SH versus IR5 group ▲▲p < 0.05 or ##p < 0.01 for IR3 group versus HBO3 group or
IR5 group versus HBO5 group.
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However, the molecular mechanics of HBOT in
grafted skin flaps remain unclear. In this study,
we showed HBOT influences IR injury after skin
flap graft by altering expression of HMGB1and
NF-κB. 

IR injury is the main cause of flap loss. This
can induce a cascade of pathophysiological
changes, namely, neutrophil influx, interstitial
edema, and increased permeability, and lead to
further tissue damage after surgery, eventually
leading to skin flap necrosis17,18. In this study,
we designed inferior epigastric vessel pedicled
skin flaps, in which the feeding vessels were
clamped and removed 3 h later, to achieve is-
chemia/reperfusion. During ischemia after
surgery, anaerobic metabolism increases, induc-
ing production of pro-inflammatory cytokines;
more importantly, following reperfusion, reac-
tive oxygen species (ROS) are produced19.
Marieke et al20,21 found that during ischemia, and
particularly during reperfusion, ROS are pro-
duced, which initiate IR damage20,21. ROS in-

duces cytotoxicity, resulting in increased lipid
peroxidation, altering membrane protein func-
tion and causing endothelial cell swelling22,23.
Next, adhesion molecules are activated, leading
to leukocyte infiltration24. 

It is known that antioxidants can prevent tissue
damage by neutralizing ROS25,26. Many previous
studies have shown that administration of various
antioxidants improves skin flap survival27,28; for
example, reduced glutathione (GSH) is an en-
dogenous antioxidant that donates electrons to
free radicals to prevent tissue damage. Further-
more, Yu et al29 performed a study to determine
whether preconditioning rats with HBO could
protect the liver from IR injury by increasing the
concentration of the antioxidants GSH and super-
oxide dismutase (SOD) to prevent membrane
lipid peroxidation induced by hydroxyl
radicals29. HBOT may mitigate IR after surgery
by neutralizing ROS and further inhibiting subse-
quent release of inflammatory mediators and
pathways, particularly HMGB1 and NF-κB.

Figure 4. Immunohistochemical localization of NF-κB protein. The percentage of positive staining in the SH group was
15.2%. The percentages of positive staining in the IR3d and IR5d groups were 41.2% and 52.7%, respectively. The percent-
ages of positive staining in the HBO3d and HBO5d groups were 34.5% and 27.2%, respectively.
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It has been demonstrated high HMGB1 ex-
pression is associated with severe IR injury. As
shown in this study, expression of HMGB1 pro-
tein was higher in the IR groups. Pearson correla-
tion analysis revealed a positive correlation be-
tween skin flap injury scores and protein expres-
sion of HMGB1 according to immunohistochem-
ical staining and western blot analysis. 

A previous study reporting the beneficial ef-
fects of HBOT examined the decreased levels of
HMGB1 in patients with severe cerebral injury30.

We also observed that HMGB1 expression in the
HBO groups was lower than that in the corre-
sponding IR groups. This indicates that HBOT
can significantly relieve IR injury after skin flap
grafting by downregulating HMGB1 expression.
During the early stage of IR, ischemia and tissue
damage lead to the passive release of endogenous
HMGB1, which functions as an inflammatory
mediator31. It is known that HBOT can reduce
ROS production, protect membrane proteins
from lipid peroxidation, and relieve endothelial
cell swelling and necrosis. Therefore, we hypoth-
esized that HBOT may reduce the induction of
endothelial cell injury by ROS, thus decreasing
the passive release of HMGB1. 

Our study also showed that expression of NF-
κB in the IR groups was much higher than in the
SH group, while it was lower in the HBO groups
than in the corresponding IR groups. NF-κB is an
initiating inflammatory cytokine related to
HMGB1. It is inactive in the cytoplasm due to
the presence of its inhibitory protein IκB. When
injury occurs, HMGB1 is passively released from
endothelial cells, combined with Toll-like recep-
tors (TLRs), and through MyD88-dependent

Figure 5. Immunohistochemical localization of HMGB1 protein. The percentage of positive staining in the SH group was
18.5%. The percentages of positive staining in the IR3d and IR5d groups were 43.7% and 50.3%, respectively. The percent-
ages of positive staining in the HBO3d and HBO5d groups were 38.5% and 30.2%, respectively.

Leukocyte
Edema Congestion infiltration

HMGB1
R 0.672a 0.515b 0.716a

P 0.001 0.017 0.009
NF-κκB
R 0.626a 0.756a 0.687b

P 0.000 0.005 0.023

Table I. Pearson correlation analysis between injury scores
and HMGB1 and NF-κB protein expression.

ap < 0.01; bp < 0.05.
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pathways, it activates NF-κB. Activated NF-κB
can translocate from the cytoplasm into the nu-
cleus through nuclear pores. It combines with the
K structure area of target genes, resulting in tran-
scription of the corresponding genes encoding in-
flammatory mediators such as TNF and IL-632-34.
HBOT decreases the passive release of HMGB1,
inhibits its interaction with TLRs, cuts off signal
transduction pathways, and results in decreased
activation of NF-κB. Xu et al35 also demonstrated
that HBO can significantly inhibit the expression
of NF-κB35.

Importantly, we also found that HBOT inhibited
not only the passive release of HMGB1 but also
the active release of HMGB1 during IR injury after
skin flap grafting. A previous study showed that
levels of HMGB1 increase within 1 h after reperfu-
sion and remain elevated for 72 h due to the active
release of HMGB1 from macrophages36. We ob-
served in rats that the necrotic area of HBO groups
was smaller than that of the corresponding IR
group, particularly the HBO5d group. HMGB1 ex-
pression in the HBO5 group significantly de-
creased compared with the HBO3d group. The re-
sult was not only consistent with the proposed role
of HMGB1 but also demonstrated that HBOT pri-
marily inhibits the active release of HMGB1.
HBOT inhibits the activation of NF-κB and de-
creases the release of the cytokines TNF and IL-6.
This prevents active release of HMGB1 from
macrophages and monocytes37-39. If HMGB1 were
actively released into the intravascular space, am-
plification of the inflammatory response would oc-
cur due to the increased release of cytokines and
chemokines and interactions with endothelial cells,
resulting in positive feedback40. Because HBOT
downregulates HMGB1 expression, the “waterfall
effect” produced by HMGB1 can be prevented.

Conclusions

Based on the results of this study, HBOT can be
used to effectively increase the survival rate of skin
flap grafts. Downregulating the initiating factor
NF-κB and late inflammatory factors HMGB1
and HBOT influences the entire process of IR in-
jury after skin flap grafting. Whether HBOT ap-
plied after grafting is more effective than HBO pre-
conditioning should be examined in future studies.
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