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Abstract: To determine whether Hyperbaric oxygen preconditioning (HBO-PC) promotes neovascularization by in-
creasing Stromal cell derived factor-1 (SDF-1) and CXC chemokine receptor 4 (CXCR4) in transplanted skin flaps of 
rats. The epigastric pedicle skin flap was established in a rat model. Rats were randomly assigned to the following 
five groups: 1) sham-operated group (SH); 2) ischemia followed by reperfusion 3 days postoperatively group (IR3d); 
3) ischemia followed by reperfusion 5 days postoperatively group (IR5d); 4) hyperbaric oxygen preconditioning and 
ischemia followed by reperfusion 3 days postoperatively group (HBO-PC3d); and 5) hyperbaric oxygen precondition-
ing and ischemia followed by reperfusion 5 days postoperatively group(HBO-PC5d). For the groups receiving HBO-
PC, animals underwent 1 hour of HBO at 2.0 ATA in 100% O2 twice per day for 3 days consecutively prior to surgery. 
After perfusion, Laser Doppler perfusion imaging (LDPI) was performed, and skin flap tissue samples were harvest-
ed for histological evaluation and western blot analysis. Perfusion was significantly improved in the HBO-PC groups 
compared with the IR groups on postoperative 3 and 5. Microvessel density (MVD) was significantly increased by 
HBO-PC compared with IR groups postoperatively. Western blot analysis revealed that SDF-1 and CXCR4 expression 
in the HBO-PC groups was significantly increased compared with IR groups. HBO-PC promoted neovascularization 
via increasing expression levels of SDF-1 and CXCR4 in transplanted skin flaps of rats. 

Keywords: Hyperbaric oxygen preconditioning, neovascularization, skin flaps, stromal cell derived factor-1, CXC 
chemokine receptor 4

Introduction 

Partial necrosis of skin flaps remains a signifi-
cant problem in plastic and reconstructive sur-
gery. Several surgical and non-surgical tech-
niques have been tried to enhance blood supply 
and tissue perfusion, thereby reducing the risk 
of flap ischemia. For instance, surgical delay 
[1], and ischemic [2], pharmacological [3], and 
cytokines preconditioning [4, 5] have all been 
attempted; however, safety concerns and prac-
tical feasibility have limited their application in 
clinical practice.

Hyperbaric oxygen preconditioning (HBO-PC) 
has been tested to as a way of inducing isch-
emic tolerance in heart models [6] and in 
organs such as the spinal cord [7], brain [8], 
and liver [9]. It suggests that HBO-PC produces 
a wide-scale protective effect, and may be a 
safer preconditioning stimulus compared with 
other stimuli involved, for example, ischemia. In 

addition, HBO-PC has been shown to promote 
angiogenesis in the rat liver after partial hepa-
tectomy [9]. HBO-PC may alleviate myocardial 
ischemia through promotion of neovasculariza-
tion [10]. However, to the best of our knowledge, 
the effect of HBO-PC on neovascularization of 
skin flaps has not been studied before in the 
English literature, the underlying precise mech-
anism remains unclear.

Stromal cell-derived factor-1 (SDF-1), also 
known as CXCL12, is a member of the CXC che-
mokine subfamily and the only known ligand for 
CXC chemokine receptor 4 (CXCR4). Both SDF-1 
and CXCR4 are constitutively expressed in a 
variety of tissues and cell types, such as the 
liver, skin, lung, and in endothelial cells [11, 12]. 
Mounting evidence has suggested that the 
SDF-1/CXCR4 axis plays a role in vascular 
growth and development [13, 14]. Therefore, 
we designed and conducted the present study, 
in which HBO-PC is hypothesized to increase 
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chemokine SDF-1and CXCR4 levels in flap tis-
sue, resulting in neovascularization of trans-
planted skin flaps in rats. 

Materials and methods

Animal care

The experiment protocol was approved by the 
Committee on the Ethics of Animal Experiments 
of Capital Medical University (Permit Number: 
2010-D-013). All surgery was performed under 
chloral hydrate anesthesia, and all efforts were 
made to minimize suffering. Healthy adult male 
Sprague-Dawley rats weighing between 250 
and 300 grams were used in all experiments. 
Animals were housed in individual cages in a 
temperature-controlled setting with 12 hour 
light and dark cycles and with free access to 
food and distilled water. 

Experimental groups

Forty rats were randomly assigned to one of the 
following five groups: 1) sham-operated (SH; 
21% O2 at 1.0 ATA; n=8); 2) ischemia followed 
by reperfusion 3 days postoperatively (IR3d; 
21% O2 at 1.0 ATA; n=8); 3) ischemia followed 
by reperfusion 5 days postoperatively (IR5d; 
21% O2 at 1.0 ATA; n=8); 4) hyperbaric oxygen 
preconditioning and ischemia followed by 
reperfusion 3 days postoperatively (HBO-PC3d; 
100% O2 at 2.0 ATA; n=8); and 5) hyperbaric 
oxygen preconditioning and ischemia followed 
by reperfusion 5 days postoperatively (HBO-
PC5d; 100% O2 at 2.0 ATA; n=8).

Hyperbaric oxygen preconditioning

Rats in HBO-PC3d and HBO-PC5d groups were 
exposed to 100% O2 at 2.0 ATA for 1 hour in a 
hyperbaric chamber twice daily, at 8 hour inter-
vals for three consecutive days. Compression 
and decompression were carried out at a rate 
of 0.2 kg/cm2/minute. During HBO exposure, 
oxygen and carbon dioxide contents were con-
tinuously monitored and maintained at ≥98% 
and ≤0.03%, respectively. The temperature of 
the chamber was maintained at a range of 
22-25°C. After exposure to HBO, rats were 
maintained in a normoxic environment until 
skin flap or sham surgery. In groups SH, IR3d, 
and IR5d, rats were treated with normobaric air 
at 1.0 ATA in 21% O2 at an ambient temperature 
of 22°C to 25°C postoperatively. 

The epigastric pedicle skin flap model

The epigastric pedicle skin flap model used in 
this study has been previously described, with 
a modification in flap design [15]. All proce-
dures were performed aseptically under anes-
thesia using intraperitoneal injections of 10% 
chloral hydrate at a dose of 350 mg/kg. After 
shaving and sterilizing the abdomen, single 
inferior epigastric vessel pedicle skin flaps 
were obtained (9 cm×6 cm). Skeletonization of 
the right inferior epigastric artery and vein ped-
icle was performed, while the contralateral infe-
rior epigastric vessel was suture ligated. The 
feeding vessel was clamped using a microvas-
cular clamp to achieve ischemia. For reperfu-
sion, the microvascular clamp was removed 3 
hours later and flow was restored. The flaps 
were repositioned above a silicone sheet (the 
same area as the flap) with continuous 5-0 
monofilament nylon sutures to prevent vascular 
supply other than the pedicle. The sham-oper-
ated group underwent the same operation but 
was not exposed to ischemia. All rats received 
a single dose of intramuscular penicillin sodium 
(0.8 mg/gram) postoperatively.

Laser Doppler perfusion imaging

Blood flow in pedicled skin flaps in the epigas-
tric zone was mapped with a high resolution 
PIM-2 Laser Doppler perfusion imager (Perimed 
Inc., NorthRoyalton, OH). The parameter set-
tings during measurement were as following: 
scanning area, 70 mm×80 mm; high resolution; 
distance between the scanner head and 
wound, 42.3 cm. The measurement of the 
image and perfusion value was carried out with 
LDISOFT software.

Histologic analysis

Flaps were evaluated 3 and 5 days postopera-
tively. For each flap, 3-4 mm sectioned tissue 
blocks from viable regions were fixed in 10% 
formalin and embedded in paraffin for hema-
toxylin-eosin staining. Microvessel density 
(MVD) was measured by two double-blinded 
pathologists, using the “hot spot” method. 
Briefly, five areas with the highest accumulation 
of small vessels were identified at low magnifi-
cation (100×) in each specimen. These areas 
were then examined at high (400×) magnifica-
tion and microvessels were counted in five 
high-power fields. Blood vessels with muscular 
layers were excluded.
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Figure 1. Perfusion images of skin flaps at 3 and 5 days postoperatively. The color scale of all images was defined 
by setting the lowest perfusion value to 0 and the highest perfusion value to 300. (A) IR3d, (B) HBO-PC3d, (C) IR5d, 
(D) HBO-PC5d and (E) SH groups. (F) Perfusion in the IR and HBO-PC groups was significantly lower than that in the 
SH group (**P<0.01). Compared with the same day IR groups, perfusion was significantly increased in the HBO-PC 
groups (##P<0.01). IR, ischemia reperfusion; HBO-PC, hyperbaric oxygen preconditioning; SH, sham-operated.
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Figure 2. Vascularization in the skin flaps of rats. MVD was defined as the total number of microvessels divided by 
the number of microvessels observed under a high-power field microscope (magnification, ×400) in the (A) IR3d, (B) 
HBO-PC3d, (C) IR5d, (D) HBO-PC5d and (E) SH groups. (F) MVD in the IR and HBO-PC groups was significantly lower 
than that in the SH group (**P<0.01; *P<0.05). Compared with the same day IR groups, MVD was significantly 
increased in the HBO-PC groups (##P<0.01; #P<0.05). MVD, microvessel density; IR, ischemia reperfusion; HBO, 
hyperbaric oxygen; SH, sham-operated.
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Figure 3. Immunohistochemical staining of SDF-1 in each group. The proportion of positive cells was analyzed 
under a high magnification (×400) in the (A) IR3d, (B) HBO-PC3d, (C) IR5d, (D) HBO-PC5d and (E) SH groups. (F) 
SDF-1-positive cells in the IR and HBO-PC groups were significantly higher than those in the SH group (*P<0.05; 
**P<0.01). Compared with the same day IR groups, SDF-1-positive cells were significantly increased in the HBO-PC 
groups (##P<0.01). IR, ischemia reperfusion; HBO-PC, hyperbaric oxygen preconditioning; SH, sham-operated.



Hyperbaric oxygen preconditioning promotes neovascularization

4739	 Int J Clin Exp Pathol 2014;7(8):4734-4744

Figure 4. Immunohistochemical staining of CXCR4 in each group. The proportion of positive cells was analyzed 
under a high magnification (×400) in the (A) IR3d, (B) HBO-PC3d, (C) IR5d, (D) HBO-PC5d and (E) SH groups. (F) 
CXCR4-positive cells in the IR and HBO-PC groups were significantly higher than those in the SH group (**P<0.01). 
Compared with the same day IR groups, CXCR4-positive cells were significantly increased in the HBO-PC groups 
(##P<0.01). IR, ischemia reperfusion; HBO-PC, hyperbaric oxygen preconditioning; SH, sham-operated.
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The proportion of positive cells in at least 10 
areas in each section at high (400×) magnifica-
tion was analyzed by two double-blinded 
pathologists. 

Protein preparation

Flap tissues were frozen in liquid nitrogen and 
then stored at -80°C until analysis. The tissues 
were homogenized in ice-cold isolation solution 
containing 250 mmol/L sucrose, 10 mmol/L 
triethanolamine, 1 μg/mL leupeptin, and 0.1 
mg/mL phenylmethylsulfonyl fluoride. Homo- 
genates were centrifuged at 12,000 rpm for 10 
minutes at 4°C to separate incompletely 
homogenized tissue. The supernatants were 
obtained and protein concentrations were mea-
sured using a protein assay kit (Sunbio, Beijing, 
China). For deglycosylation of proteins, an 
N-glycosidase F deglycosylation Kit (Roche, 
Mannheim, Germany) 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% bromophe-
nol blue; 50% glycerol; 0.5 mol/L dithiothreitol) 
and then boiled for 5 minutes. Sodium dodecyl 
sulfate polyacrylamide gel electrophoresis was 
carried out on 12% gradient gels. The proteins 
were electrophoretically transferred to polyvi-
nylidene difluoride membranes previously 
treated with methanol and blocked for 1 hour 
at room temperature in TBS-T (Tris-buffered 
saline containing 0.1% Tween 20) containing 
5% nonfat dry milk and incubated overnight at 
4°C with anti-SDF-1 (1:100, Santa Cruz 
Biotechnology) and anti-CXCR4 (1:500, Santa 
Cruz Biotechnology) in TBS-T containing 5% 
nonfat dry milk. After washing in TBS-T, the 
membranes were incubated with horsera- 
dish peroxidase-labeled anti-rabbit antibody 
(1:3,000, Santa Cruz Biotechnology) for 2-3 
hours at room temperature. Blots were devel-
oped with enhanced chemiluminescence 
agents (ECL Plus, Sunbio) before exposure to 
x-rays. To confirm equivalent loading of sam-
ples, the same membranes were incubated 
with anti-β-actin antibody (1:300, Santa Cruz 
Biotechnology) and visualized via enhanced 
chemiluminescence as mentioned earlier. For 
quantification, films of western blots were 
scanned using a Minolta scanner and Adobe 
Photoshop software. The labeling density was 

Figure 5. (A) Immunoblot analysis of SDF-1 and 
CXCR4 in each group. Western blot analysis of (B) 
SDF-1 and (C) CXCR4 in the skin flap tissue of each 
group. SDF-1 and CXCR4 expression in the HBO-PC 
groups were significantly higher than those in the SH 
group (**P<0.01). Compared with the same day IR 
groups, SDF-1 and CXCR4 expression were signifi-
cantly increased in the HBO-PC groups (##P<0.01). 
IR, ischemia reperfusion; HBO-PC, hyperbaric oxygen 
preconditioning; SH, sham-operated.

Immunohistochemical staining

Monoclonal antibody analysis was performed 3 
and 5 days postoperatively. For each flap, 3-4 
mm sectioned tissue blocks taken from the 
viable portion of the flap were preserved in 10% 
formalin. Sections (4 μm thick) were obtained 
and embedded in paraffin for immunohistologic 
analysis. The monoclonal antibodies anti-SDF-1 
(1:100, Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA) and anti-CXCR4 (1:500, Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) 
were used for immunohistochemical staining. 
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quantitated using LabWorks software (UVP, 
Upland, CA, USA). The value of the relative den-
sity of SDF-1 and CXCR4 bands was normalized 
to the density of actin to represent the amount 
of SDF-1 and CXCR4 protein. 

Statistical analysis

Statistical analysis was performed using SPSS 
version 15.0 (SPSS, Chicago, IL, USA) software. 
All quantitative data were expressed as the 
mean ± SD. One-way analysis of variance pro-
cedures were used to test the differences in 
blood perfusion, MVD, SDF-1, and CXCR4. A 
p-value of less than 0.05 was considered sta-
tistically significant.

Results

HBO-PC increased blood perfusion in epigas-
tric skin flaps

Laser Doppler perfusion imaging (LDPI) is a 
noninvasive and relatively new technique for 
measuring skin blood perfusion [16]. LDPI was 
performed 3 and 5 days postoperatively to 
detect the blood perfusion of the skin flaps. As 
shown in Figure 1, compared to the SH group, 
perfusion was significantly decreased in the IR 
and HBO-PC groups (p<0.01). However, HBO-
PC increased perfusion when compared with 
the IR group (p<0.01). Importantly, LDPI data 
were consistent with histological data, which 
implied that HBO-PC increased neovasculariza-
tion in the transplanted skin flaps of rats.

HBO-PC promotes neovascularization of trans-
planted skin flaps

To evaluate whether neovascularization varied 
among the different groups, we measured MVD 
in the skin flaps. Compared with the SH group, 
the MVD were significantly reduced in the IR 
and HBO-PC groups (p<0.05; p<0.01); but com-
pared to the same day IR groups, HBO-PC 
remarkably increased the MVD postoperatively 
(p<0.05; p<0.01) (Figure 2). These results indi-
cated that HBO-PC significantly promoted neo-
vascularization in transplanted skin flaps of 
rats.

HBO-PC improves the expression of SDF-1 and 
CXCR4 of transplanted skin flaps

To study how HBO-PC promoted neovascular-
ization in transplanted skin flaps of rats, we 

evaluated the expression of SDF-1 and CXCR4 
in skin flap tissue by immunohistochemical 
staining and western blot. Immunohistochemical 
staining showed that cells were positive for 
brown particles in the cell membrane, cyto-
plasm and nucleus. Compared to SH group, the 
SDF-1 and CXCR4 positive cells were signifi-
cantly increased in IR and HBO-PC groups 
(p<0.05; p<0.01); HBO-PC remarkably incr- 
eased the number of SDF-1 and CXCR4 positive 
cells compared with the same day IR groups 
(p<0.01) (Figures 3 and 4). 

In agreement with the result of immunohisto-
chemical staining, western blot analysis identi-
fied that HBO-PC apparently increased the 
expression of SDF-1 and CXCR4 proteins com-
pared with the same day IR groups (p<0.01); IR 
showed a remarkable tendency to up-regulate 
the expression of SDF-1 and CXCR4 proteins 
postoperatively, but the difference was not sta-
tistically significant (Figure 5). These data sug-
gest that HBO-PC accelerated neovasculariza-
tion of skin flaps may be associated with the 
upregulation of SDF-1 and CXCR4 after 
transplantation.

Discussion

We demonstrated that preconditioning with 
hyperbaric oxygen prior to skin flap transplanta-
tion significantly improves perfusion and 
increases the MVD of skin flaps in the rat 
model. SDF-1 and CXCR4 expression and activ-
ity were increased by skin flap transplantation 
and by HBO-PC. This beneficial effect of HBO-
PC in promoting neovascularization may result 
from high SDF-1 and CXCR4 expression in the 
skin flap tissues of rats.

Since the preconditioning phenomenon was 
first identified in the heart by Murry et al [17], 
the same effect could be induced by several 
other stimuli, such as hyperbaric oxygen, chem-
ical agents, sleep deprivation, dietary restric-
tion, and both hyperthermia and hypothermia. 
Among these stimuli, hyperbaric oxygen is an 
outstanding candidate for clinical application 
because of its minimal side effects under prop-
er management. Previous findings have shown 
that HBO-PC promotes angiogenesis in the rat 
liver after partial hepatectomy [9]. Other stud-
ies also suggested that HBO-PC accelerates 
angiogenesis and alleviates myocardial isch-
emic injury [10]. Ju reported that administration 
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of HBO during rapid expansion resulted in 
increased perfusion in the expanded skin [18]. 
However, we found no published studies on the 
effect of HBO-PC on perfusion of skin flaps. In 
the current study, we found that both perfusion 
and the MVD were increased in the HBO-PC 
group compared to the IR group postoperative-
ly (p<0.05; p<0.01). After HBO-PC, as perfusion 
improves, skin flaps acquires more oxygen and 
nutrients to stimulate angiogenesis. To our 
knowledge, this is the first experimental study 
on the effect of HBO-PC on neovascularization 
in transplanted skin flaps. Moreover, at the 
molecular level, we are the first to have explored 
the mechanisms of HBO-PC on neovasculariza-
tion by measuring SDF-1 and CXCR4 expression 
in skin flaps.

Various studies indicate that SDF-1 and its 
receptor CXCR4 are beneficial for neovascular-
ization in ischemic cardiac disease or stroke 
[19, 20]. Blocking the SDF-1/CXCR4 axis result-
ed in reduced homing of cells to lesions and 
decreased MVD after ischemic heart disease 
[21]. SDF-1 and its receptor CXCR4 are upregu-
lated in ischemic or hypoxic tissues, such as 
the retina [22] and spinal cord [23]. We demon-
strated that SDF-1 and CXCR4 expression in 
the IR groups was higher than that in the SH 
group, in accordance with previous studies. In 
addition, compared with IR groups, SDF-1 and 
CXCR4 expression were significantly increased 
by HBO-PC in our experiments, consistent with 
the increase of MVD. 

How HBO-PC upregulated SDF-1 and CXCR4 
expression remains unclear. Endothelial pro-
genitor cells (EPC) appear to play a role in the 
HBO effect. Bone marrow (BM) derived EPC has 
been shown to act as a key cell involved in neo-
vascularization and homes to peripheral tissue 
in response to ischemia [12]. Induction of 
hyperoxia via HBO treatment has been shown 
to increase NO levels in perivascular tissues 
and BM via a nitric oxide synthase (NOS)-
mediated mechanism, resulting in EPC release 
from the BM and homing to ischemia tissues 
[24-26]. EPCs themselves express and secrete 
SDF-1 and CXCR4 [27], thus HBO treatment 
could increase SDF-1 and CXCR4 expression. 
Salvucci et al demonstrated endothelial expres-
sion of SDF-1 and CXCR4 may be reduced by 
inflammatory cytokines, such as tumor necro-
sis factor-α and interferon-γ [28]. As HBO treat-
ment inhibits these inflammatory cytokines, 
SDF-1 and CXCR4 expression may be upregu-

lated by HBO treatment. Since HBO stimulates 
SDF-1 and CXCR4 expression, it is reasonable 
to deduce that HBO-PC increases SDF-1 and 
CXCR4 expression. In addition, Grunewald con-
sidered that high levels of VEGF-A in the liver 
induces SDF-1 and CXCR4 expression [29]. 

While HBO-PC treatment increased VEGF 
expression after partial hepatectomy [9], HBO-
PC may induce SDF-1 and CXCR4 expression 
via upregulation at the VEGF level. 

There are many other mechanisms, in addition 
to SDF-1/CXCR4 (such as VEGF and HIF-1) [9] 
that are responsible for neovascularization in 
skin flap transplantation. The increase of SDF-1 
and CXCR4 may possibly be one of potential 
mechanisms for the HBO-PC induced increase 
of neovascularization in transplanted skin 
flaps. The involvement of other related mecha-
nisms requires further study.

Conclusion

In conclusion, we demonstrated that HBO-PC 
(2.0 ATA, 100% O2, 1 hour per session, twice 
daily for 3 days) increased SDF-1 and CXCR4 
expression in skin flap tissue, thereby promot-
ing neovascularization and perfusion of trans-
planted skin flaps in rats. Our results provide a 
theoretical basis for broadening the clinical 
application of HBO-PC treatment. HBO-PC may 
hold therapeutic value for patients with skin 
flap transplantation.
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