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Abstract

Background: Diabetic foot ulcer (DFU), one of the diabetic complications, brings high burden to
diabetic patients. Hyperbaric oxygen therapy (HBOT) has been proven to be an effective clinical
method for the treatment of DFU. However, the mechanisms still to be elucidated.

Methods: Diabetic foot mice model was established, and treated with hyperbaric oxygen.
Haematoxylin & Eosin (H&E) staining and Masson's trichrome staining were used for the analysis
of wound healing. Human skin fibroblast (HSF) and Human . 'mbilical Vein Endothelial Cell
(HUVECS) were exposed to high glucose and hyperbaric oxvne, for studying the mechanism of
hyperbaric oxygen promoted wound healing in vitro. vwund healing assay, Reactive Oxygen
Species (ROS) assay, cell proliferation assay and tube fern.~tion assay were used for the analysis of
wound healing. Quantitative-Polymerase Chzin Teaction (Q-PCR), Western blotting and
Enzyme-Linked Immunosorbent Assay (EL1C%.) were used for the analysis of gene expression.
Results: HBOT facilitated wound hea's., v 1i DFU mice model, and promoted the expression of
HIF-1a, NF-xB, VEGFA, SDF-1, VEGFR2 and CXCR4. Hyperbaric oxygen promoted the
proliferation, migration and ROS ~roduction, as well as the expression of SDF-1 and VEGFA in
HSF. HBOT stimulated e .ol feration, migration and tube formation, as well as the expression of
CXCR4 and VEGFR2 in HUVECS. Conclusion: Hyperbaric oxygen potentiates angiogenesis and
diabetic wound healing by activating HIF-1a signaling, so as to promote the expression of
VEGF/SDF-1 in HSF and the expression of VEGFR/CXCR4 in HUVECS, ultimately to promote
the proliferation of HSF and the angiogenesis of HUVECS.

Keywords: Diabetic foot ulcer; Hyperbaric oxygen therapy; VEGF/VEGFR; SDF-1/CXCR4;

HIF-1a
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Introduction

Diabetes mellitus (DM) is a major global disease, and is caused by a disorder of glucose
metabolism ™. Due to the high epidemic of diabetes in the world, it has become a global concern
for public health . Various diabetic complications bring higher burden to patients . One of the
most common complications is diabetic foot ulcers (DFU) . The symptoms of DFU include a
disintegration of the foot dermal tissues, non-healing ulcers on the skin of diabetic foot, failure of
wound healing, and ischemic pain in rest ©!. About 15% of the a:" betic patients suffer from DFU,
and more than 15% of the DFU patients have to be operated a sc'heequent amputation, which may
result in a relative high rate of mortality .

In the past decades, studies of the pathophysiology of Dr "I demonstrated that, the impairment of
angiogenesis in diabetic patients plays a pivotal tole = the development of DFU 8. Angiogenesis
is one of the most important steps in the procss of wound healing %, therefore the reduction of
angiogenesis caused by diabetes facilitw.>s uie development of diabetic skin ulceration, especially
DFU . The interplay of fibroblaz's and endothelial cells is of great importance in angiogenesis.
Generally, fibroblasts are consiaced to play a key role in the regulation of endothelial cells

mediated angiogenesis ">

. Filyroblasts produce different kinds of regulatory factors, such as
Vascular Endothelial Growth Factor (VEGF ! and Platelet-Derived Growth Factor (PDGF) "), to
stimulate the proliferation, migration and finally tube formation of endothelial cells. Importantly,
investigations showed that fibroblasts promote endothelial cells mediated sprouting and lumen
formation. An early study indicated that the in vitro co-cultivation of fibroblasts with endothelial
cells promoted tube formation ™. Later studies confirmed that fibroblasts stimulated the migration,

proliferation, alignment, tube formation of endothelial cells by producing VEGF and other growth

factors 1**. These studies demonstrated that the interactions of fibroblasts and endothelial cells are
4
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crucial for angiogenesis. For diabetic patients, there is an impairment of angiogenesis and the
resultant defect of wound healing ?%. More studies indicated that the elevated glucose level in
diabetic patients is the major cause for the impairment of angiogenesis and delay of wound healing
211 The in vivo study revealed that endothelial cells exposed to high glucose concentration resulted
in an integrity loss and increased susceptibility to apoptosis, detachment, and circulation into the
bloodstream, thus will be disorder in angiogenesis 1?2, Taken together, these changes of molecular
and cellular state lead to the development of DFU.

Stromal cell-derived growth factor-1 (SDF-1 or C-X-C Motif Chcmakine Ligand 12 (CXCL12) is a
chemotactic cytokine and has high level of expression i. injured tissues %% It was found that
SDF-1 can act to its receptor C-X-C chemokine recerto: type 4 (CXCR4) to recruit endothelial
progenitor cells from the bone marrow, and indur.2 a.3:0genesis independent of VEGF.!*. Previous
reports demonstrated that the inhibition ¥ SDF-1 impairs wound healing significantly, by
decreasing angiogenesis and increasing i~flaxamation in diabetic mice °!. This study suggests that
SDF-1 is a major component for angioge.iesis and wound healing.

VEGF is one of the most imnon.~t factors for the regulation of angiogenesis %°!. There are six
variant types of VEGF _vei diccovered, from type A to F ). Among them, VEGF-A is the most
common one in the regulation of angiogenesis . VEGF regulates endothelial cells in different
stages of angiogenesis. In the inflammation stage, VEGF elevates the permeability of vessels and
affects the expression of Selectin and intercellular adhesion molecule of endothelial cells, ultimately
facilitates the recruitment of leucocytes to the injured part °\. In the proliferation stage, VEGF
strongly stimulates proliferation of endothelial cells . Additionally, VEGF was found to regulate
cell migration of endothelial cells BY. In the remodeling stage, VEGF induces the assembly of

endothelial cells to facilitate lumen formation 4.
5
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Hyperbaric oxygen therapy (HBOT) has been proved to be an effective treatment for DFU B3I The
clinical treatment of DFU with HBOT has a history for more than 20 years B4. HBOT can improve
wound healing by stimulating angiogenesis, and lower the amputation rate . Several studies
revealed that HBOT improves DFU by reducing tissue hypoxia ®® and reducing inflammation *";
however, the molecular and cellular mechanism of HBOT is still to be elucidated. In the current
study, we investigated the molecular mechanism of HBOT for treating DFU. We found that HBOT
activated HIF-1a and nuclea factor-kB (NF-«kB) signaling, so a> to stimulate the expression of
SDF-1 and VEGF in fibroblasts and modulate cell proliferation a.:4 raigration of endothelial cells to

facilitate angiogenesis and wound healing.
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Materials and Methods

Diabetic animal model, diabetic foot animal model and HBOT

To generate this mouse model, a glucose transporter specific inhibitor Streptozocin was
administrated to the C57BL/6J mice for 5 times with a dose of 45mg/Kg. Body weight and blood
glucose level were tested every two days. The mouse with blood glucose level tested as not lower
than 16.7 mM for continuous 3 days can be considered as a successful diabetic mouse model. Based
on the successful establishment of diabetic mouse model, a diabew.,© wound animal model was built
to mimic DFU by a skin resection (5 x 5 mm?) on the limb. T.ae diabetic wound mice were
sub-divided to two groups, one for non-HBOT, and the other for HBOT, with a treatment of
hyperbaric oxygen therapy 90 min/day (A progressive incioase in pressure for 15 min, followed by
60 min of continuous exposure to 100% oxyger. a. 2 ATA, then the pressure was slowly reduced
over a 15-min period) in an NG90-IIIB mev'~.al hyperbaric oxygen chamber (Ningbo Hyperbaric
Oxygen Chamber Plant, Ningbo, Chine} “ar 30 days. The wound area was detected and calculated
by a digital photography and imcne processing system (Analyze, version 6.0; AnalyzeDirect,
Lenexa, KS). The experimentar nrocedure was approved by the Central South University

Institutional Animal Car. and ;e Committee

H&E staining

After 30 days of treatment by HBOT, C57BL/6J mice with or without HBOT were sacrificed. Next,
the wound skin tissues were collected and fixed in 4% paraformaldehyde for 24h, embedded in
paraffin and sectioned at 5 um thickness. For H&E staining, the sections were stained with

hematoxylin and eosin following standard procedures.
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Cell culturing and hyperbaric oxygen treatment

Human skin fibroblast (HSF) was obtained from American Type Culture Collection. HSF cells were
cultured in Dulbecco's modified Eagle's medium (DMEM) High Glucose Cell culture medium
supplemented with 10% fetal bovine serum (FBS) (Hyclone), 1% Sodium-pyruvate (Sigma-Aldrich)
and 1% Gentamycin solution (Sigma-Aldrich). Human umbilical vein endothelial cells (HUVECYS)
(Lonza, Walkerville, MD) were cultured in endothelial cell basal medium bullet Kits (Lonza)
containing 20% fetal bovine serum (FBS; Gibco, Aukland, N."v Zealand) supplemented with
L-glutamine and antibiotics on 100 mm plates coated with type | .2t <ail collagen (Millipore/Upstate,
Temecula, CA) at 10 pg/cm®. To mimic diabetic condition, .4SF or/and HUVECS were treated with
high glucose, with 25 mM glucose, for 2 days then cells w.ve transferred to a compression chamber
(Drass Galeazzi, Italy) and exposed to 100% oxycen =* a pressure of 2.5 ATA for 90 minutes per day.

After the treatment for 3 days, cells were cono<.ced for assays.

Cell co-cultivation and Transwell pcrmecbility assays

To test the migration of HUVEL>, HUVECs and HSF were seeded at a density of 3.3 x 10*
cells’lem® on collagen-c.atcd (.0 pg/cm?) Transwell polycarbonate filters (pore size = 0.4 pm,
exposed area = 1 cm? Costar, Brumath, France). HSF was seed in the upper chamber, and
HUVECS was seed in the lower chamber. For hyperbaric oxygen treatment, the co-cultivated cells
were transferred to a compression chamber (Drass Galeazzi, Italy) and exposed to 100% oxygen at
a pressure of 2.5 atmosphere absolute (ATA) for 90 minutes per day. After co-cultivation of the two
cells for indicated time, the HUVECS cells were collected for assays. For transwell permeability
assay, HUVECS cells were treated with high glucose for 2 days, then were treated with hyperbaric

oxygen for 1, 2 and 3 days. The migrated HUVECS stained by crystal violet staining.
8
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Wound healing assays to detect cell migration

For the wound healing assay, HSF cells were seeded into 6-well cell culture plates and cultured to
~100% confluence. After 6 hours of starvation, an artificial, homogeneous wound was created by
scratching the monolayer with a sterile 200 uL pipette tip. Images of cells migrating into the wound

were captured after 24 hours using a microscope.

Reactive Oxygen Species (ROS) assay HSF cells were treated w.*h nigh glucose (HG, 25 mg/mL).
For HBOT experiments, cells were treated with HG for » days, and then cells were treated with
hyperbaric oxygen for 3 days. The duration of HBOT to tnc cells is 90 min for each day. Then ROS
was measured, and results were presented. Reactive >:2ygen species were measured by a ROS assay

kit (Thermo Fisher Scientific) and were perto.~.1ed following the manufacture’s instructions.

Cell proliferation assay

To evaluate the effects of HRO'I for cell proliferation, HSF cells were firstly treated with high
glucose for 2 days, the.: wore treated with hyperbaric oxygen for 5 days. Cell Counting Kit 8
(Sigma-Aldrich) was used to detect the number of viable cells and determine the cell proliferation

of HSF. The assay was done according to the manufacturer instructions.

Tube formation assay
Matrigel (BD Biosciences, Bedford, MA, USA) was added to 12-well plates and incubated for 1
hour at 37°C. HUVECS in low serum medium (M199 containing 5% FBS) were seeded on the top

of the polymerized Matrigel. Tube formation was imaged under a light microscope. The effect of
9
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tube formation was calculated by measuring the length of the capillary-like network and number of

tubules.

RNA extraction and Q-PCR

Cells were harvested at indicated time points, and total RNA was extracted by Trizol reagent
(Invitrogen) according to manufacturer’s instructions. 2-5 pg of RNA was used for reversed
transcription, with 200 U Superscript Il (Invitrogen) synthetic 01,20 dT. The resultant cDNA was
used for Q-PCR, with the SYBR Green Q-PCR mix (KaTa™=), according to manufacturer’s
instructions. Q-PCR was carried out in an ABI 7500 th.*mocycler with fluorescence detection
(Applied Biosystems). Primers are 3 followed: VEGFA forward:
5’-CTGCCGTCCGATTGAGACC-3’; VEGFA rc.zse: 5’-CCCCTCCTTGTACCACTGTC-3’;
SDF-1 forward: 5’-TGCATCAGTGACGGT/AAACCA-3’; SDF-1 reverse: 5’-CACAGTT-
TGGAGTGTTGAGGAT-3’; GAPDF.  to.ward: 5’-AGGTCGGTGTGAACGGATTTG-3’;
GAPDH reverse:5’-GGGGTCGTTUATUGCAACA-3’; VEGFR2 forward: 5°’-GGCCCAAT-
AATCAGAGTGGCA-3’; VEGFRN? reverse: 5’-CCAGTGTCATTTCCGATCACTTT-3’; CXCR4
forward: 5-ACTr CACCGAGGAAATGGGCT-3; CXCR4 reverse:
5’-CCCACAATGCCAGTTAAGAAGA-3’; HIF-1a forward: 5’-TCTCGGCGAAGCAAA-
GAGTC-3’; HIF-1a reverse: 5’-AGCCATCTAGGGCTTTCAGATAA-3’; NF-kB RELA or p65
forward: 5’-TGCGATTCCGCTATAAATGCG-3’; NF-«xB RELA or p65 reverse:
5’-ACAAGTTCATGTGGATGAGGC-3’. The gene expression of VEGFA, SDF-1; HIF-1a and
NF-kB were analyzed in the cultivated HSF cells and the tissues of mice animal model. The gene
expression of VEGFR2 and CXCR4 were analyzed in the cultivated HUVECS cells and the tissues

of mice animal model.
10
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Western blotting

Total proteins of the cells were extracted by Golden lysis buffer (Tris-HCI, PH 8.0, 400 mM NacCl,
5 mM EDTA, 1 mM EGTA, 1 mM Na pyrophosphate, 1% Triton X-100, 10% glycerol), with
supplement of protease inhibitors (Roche, Indianapolis, IN). The concentration of total protein was
measured by a BCA kit (Pierce, Rockford, IL). 10 mg of protein was loaded onto 10% SDS-PAGE
gel and was transferred to PVDF membranes (Millipore, Billeri=a4, MA). Membranes were then
incubated with primary and secondary antibodies. Protein siona.~ v.ere detected via ECL method.
The primary antibodies used in this study incicde anti-VEGFA (1:1000, Abcam),
anti-SDF-1(1:1000, Abcam), anti-beta-actin (1:1000, Av~am), anti-VEGFR2 (1:1000, Abcam),
anti-CXCR4 (1:1000, Abcam), anti-HIF-1a, (1:1C.00, ~.ocam), anti-NF-kB (1:1000, Abcam). All the
primary antibodies were incubated overniy:* at 4°C. The HRP-conjugated secondary antibody
(1:5000, Sigma-Aldrich) was incubater! iar Z2h at RT. The protein level of VEGFA, SDF-1; HIF-1a
and NF-xB were analyzed in the c: ltivated HSF cells and the tissues of mice animal model. The
protein level of VEGFR2 and C.’CR4 were analyzed in the cultivated HUVECS cells and the

tissues of mice animal . 2de!

ELISA

In the co-cultivation system, the level of secreted form of SDF-1 and VEGFA were evaluated by
ELISA. The SDF-1 and VEGFA ELISA kits (ThermoFisher) were used for the detection, guided by
the instructions from the manufacturer. Briefly, 50 uL of medium after the cultivation for indicated
times were collected and added to the coating plates, and 100 uL of biotin-conjugated labeling

antibody was added to the plates. After incubation for 45 min at room temperature, the solutions in
1
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the plates were removed and plates were cleaned by washing buffer for 4 times. Next,
HRP-conjugated Streptavidin were added to the plate and incubated for 45 min. After removal of
the solutions in the plates, 4 times wash by washing buffer were performed. HRP substrate TMB
was added to the plates, and after 15 min incubation at 37 °C, ELISA signals were measured at 450

nm.

SiRNA and transfection
HIF-1a siRNA was customized ordered from GenePharma ‘Slianghai, China). SiRNA was

transfected by Lipofectamine ™ 3000 according to the insti ction of manufacturer.

Statistical analysis

Data are expressed as mean + standard devia.'~.n (SD) values. Comparisons between more than two
groups were analyzed by one-way ANC'v:A 1cilowed by Tukey post hoc tests. Comparisons between
two groups were made with two-ta''ed « tests. Statistical analysis was performed using SPSS 10.0

for Windows. P < 0.05 was consiac ed statistically significant.
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Results

1. Hyperbaric oxygen therapy promoted the recovery of diabetic wound by stimulating
angiogenesis in vivo

For the first step of exploration, the DFU mouse model was established by injected with
Streptozocin, and a skin resection operation on the limb. Next, DFU mice were treated with or
without hyperbaric oxygen. As shown by the pictures of Fig.1A, after 30 days treatment with HBOT,
the wound area on the dorsum of foot was found to be notably ~naller, and pyogenesis was not
found, compared to the non-HBOT group (mice treated with S.=r.0zocin but not HBOT). These
results suggested that HBOT treated mice presenteu significantly better wound healing,
characterized by a much smaller remaining wound area. a -mooth recovered skin, and no remaining
scar, compared to the non-HBOT group. The quatictive measurement of remaining wound area in
DFU animal model was shown in Fig.1B. k.~ 1lts indicated the remaining wound area (mm?) from
0 to 30 days after operation, suggestec (har HBOT group presented significantly smaller diabetic
wound area than the non-HBOT gro'ip, vvom 19 to 30 days. These results demonstrated that HBOT
facilitated wound healing in DFUL ~nimal model. Next, the expression of HBOT and angiogenesis
associated genes, includ’~a, 'F-<B, HIF-1a, VEGFA, VEGFR2, SDF-1 and CXCR4 in DFU mice
tissues (both HBOT and non-HBOT group) were measured by Q-PCR and Western blotting. As
shown in Fig.1C and 1D, the expression of these genes was all found to be stimulated by HBOT,
suggesting that NF-xB and HIF-1a signaling were activated, and HBOT induced recovery of DFU

may be associated with VEGF/VEGFR and SDF-1/CXCR4 mechanism.

2. Hyperbaric oxygen stimulated the proliferation, migration and ROS production of

fibroblasts
13
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Due to the fact that fibroblasts are essential for wound healing, in the next step we investigated the
effect of hyperbaric oxygen for the activity of fibroblasts, including proliferation, migration and
ROS production. Fibroblast HSF was cultured with high glucose medium. For the assays, results of
CCKS8 assay revealed that, fibroblasts treated with hyperbaric oxygen for 90 min each day, after
cultivation for 4 and 5 days, presented significantly higher proliferation rate, compared to the
normal oxygen group (Fig.2A), suggesting that the proliferation of fibroblasts was stimulated by
hyperbaric oxygen treatment. As shown in Fig.2B, our results \~dicated that hyperbaric oxygen
treatment led to increased level of reactive oxygen species (RC?) «n a time-dependent manner,

suggesting that hyperbaric oxygen promoted the producticn of ROS in fibroblasts. As shown in
Fig.2C, wound healing assay was used to test the migraucn of fibroblasts. Results indicated that,

migration was inhibited by high glucose treatmen., a.22 stimulated by hyperbaric oxygen treatment.

3. Hyperbaric oxygen activated NF-k, 1. -10/VEGF/SDF-1 pathway in HSF

It is well accepted that NF-xB/HIF Ta cell signaling and the two factors VEGF/SDF-1 are critical
for the regulation of endothelial .~ mediated angiogenesis. Thus, we tried to examine whether
hyperbaric oxygen affer:~ ti.is regulatory pathway in HSF. As shown in Fig.3A, the expression of
NF-xB was up-regulated by the treatment of hyperbaric oxygen in a time-dependent manner, in the
high glucose cultivation state, as revealed by Q-PCR results. Similarly, the expression of HIF-1a
was stimulated as well by hyperbaric oxygen in a time-dependent manner (Fig.3B). Importantly, the
expression of VEGFA and SDF-1 were also stimulated by hyperbaric oxygen, as shown in Fig.3C
and 3D. Next, the protein level of NF-xB, HIF-1a, VEGFA and SDF-1 were evaluated by Western
blotting (Fig.3E). Results of Western blotting are consistent with Q-PCR results, showing that the

protein level of NF-xB, HIF-1a, VEGFA and SDF-1 were promoted by hyperbaric oxygen. Taken
14
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together, we consider that hyperbaric oxygen activated NF-xB/HIF-10/VEGF/SDF-1 pathway in

HSF.

4. Hyperbaric oxygen simulated the tube formation and migration of endothelial cells when
co-cultured with HSF.

To investigate the function of HBOT to endothelial cell during angiogenesis, a co-cultivation of
fibroblasts (HSF) and endothelial cell (HUVECS) in a transwe:' system was performed. In this
system, we can observe how HBOT affects the tube formation ar.2 riigration of endothelial cell. As
shown in Fig.4A, in the high glucose cultivation, the tube .armation of HUVECS was found to be
promoted by hyperbaric oxygen treatment in a time-d2pcdent manner. In the condition of high
glucose, the cell migration rate of endothelial cen “"JVECS was found to be promoted by the
treatment of hyperbaric oxygen, as shown >, the migration assay results in Fig. 4B. Next, the
MRNA level of CXCR4 and VEGFRZ2, *>ici, are the receptors of SDF-1 and VEGF, were examined
by Q-PCR. Results indicated that the axpression of CXCR4 and VEGFR2 in HUVECS were
promoted by hyperbaric oxvgen treatment in a time-dependent manner (Fig. 4C and 4D).
Additionally, the time-c'_ne: derit up-regulation of CXCR4 and VEGFR2 proteins were confirmed
by Western blotting (Fig.4E). Additionally, the secreted form of SDF-1 and VEGF were found to be
promoted, as indicated by the ELISA results (Fig.4F). Collectively, these results suggest that HBOT

promoted the tube formation and migration of endothelial cells when co-cultivated with HSF.

5. Hyperbaric oxygen stimulated the migration and VEGF/SDF-1 expression of fibroblasts by

activating HIF-1a

15
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To investigate whether hyperbaric oxygen stimulates the migration of fibroblasts by activating
HIF-1a, a knockdown of HIF-1a in fibroblast HSF was performed. As shown in Fig.5A, the gene
silence of HIF-1a was confirmed by Q-PCR. Next, the mRNA level of VEGFA and SDF-1 were
found to be decreased by the knockdown of HIF-1a, suggesting that HIF-1a regulates VEGF and
SDF-1 expression in fibroblasts (Fig.5B and 5C). This suppression of VEGF and SDF-1 expression
by the knockdown of HIF-1a was confirmed by Western blotting, as shown in Fig.5D. Moreover,
we found that the migration of fibroblast was also suppressed by '4IF-1a knockdown, as revealed
by the wound healing assay of HSF (Fig.5E). These results s:'orested that hyperbaric induced

expression of VEGFA and SDF-1, as well as cell migration of fibroblast are HIF-1o dependent.

6. Hyperbaric oxygen stimulated the tube forruawz: and migration of HUVECS by activating
HIF-1a

In this section of study, knockdown of ! :'E-,a was performed to study whether hyperbaric oxygen
induces tube formation and migraticn ot -AUVECS by activating HIF-1a. After HIF-10 knockdown ,
HUVECS were co-cultivated with 4SF. Next, tube formation was evaluated. As shown in Fig.6A,
hyperbaric oxygen tre.:ment promoted tube formation of HUVECS, however, this can be
suppressed by the knockdown of HIF-1a. Moreover, as shown in Fig.6B, hyperbaric oxygen
treatment promoted HUVECS migration, however, this was suppressed by HIF-1a knockdown.
Additionally, the mRNA level of VEGFR2 and CXCR4 in HUVECS were found to be suppressed
by HIF-1a knockdown (Fig.6C). As shown in Fig.6D, the suppression of VEGFR2 and CXCR4
protein level were confirmed by Western blotting. Additionally, as shown in Fig.6F, the level of the
secreted form of SDF-1 and VEGEF in the cultivated medium were confirmed to be reduced by the

knockdown of HIF-1a. In summary, these results suggest that hyperbaric oxygen induces VEGFR2
16
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1 and CXCR4, as well as HUVECS tube formation and migration through HIF-1a.
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Discussion

Angiogenesis is an essential process in wound healing %, In diabetic patients, wound healing is
delayed or impaired, resulting in the development of DFU. HBOT has been proved to be an
effective treatment to improve wound healing and cure DFU B%. Improvement of oxygen delivery
to injured tissues by HBOT is considered as an important mechanism for HBOT induced wound
healing. Studies revealed that HBOT can increase the amount of oxygen with 16 folds higher; this
will meet the demand of oxygen for poorly perfused tissues [ ” Other studies focused on the
molecular and cellular mechanism of HBOT induced angiogene.ic= HBOT was found to stimulate
endothelial nitric oxide synthase (eNOS) to initiate produc.ng NO, thus triggers the activation and
recruitment of endothelial progenitor cells Y. In diabetic |.~tients, HBOT reverses the inhibition of
eNOS to facilitate angiogenesis and wound heah.z 2. However, more molecular details are
remained to be elucidated.

In the present study, based on the succes. 1l cstablishment of diabetic wound animal model, HBOT
was proved to promote wound hc ling in diabetic mice, according to the measurement of the
remaining wound area. These res 'lts are consistent with previous reports “*. Additionally, we
found that the protein I.>«ev of NF-xB, HIF-1a, VEGFA, VEGFR2, SDF-1 and CXCR4 were all
promoted by HBOT in DFU mice model, demonstrating that NF-«B/HIF-1a signaling were
activated, and angiogenesis associated pathways VEGF/VEGFR and SDF-1/CXCR4 were activated.
For the first time, our research results indicates that HBOT can activate NF-xB/HIF-1a signaling
and VEGF/VEGFR and SDF-1/CXCR4 simultaneously in vivo.

Next, we attempted to investigate the effects of HBOT for fibroblasts and determine the role of

these effects in the regulation of angiogenesis. We found that cell proliferation of fibroblasts can be

stimulated by HBOT. This is consistent with previous investigates which indicated that the
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proliferation of fibroblasts exerted positive effect for angiogenesis [*4.

Besides, our results revealed that HBOT promoted the migration of fibroblasts hence may in turn
facilitate angiogenesis. Additionally, HBOT was found to stimulate ROS production in our high
glucose cell model. For the first time, our results revealed that HBOT regulates the proliferation and
migration of fibroblasts to affect angiogenesis and wound healing. Importantly, evidence from
Q-PCR and Western blotting indicated that HBOT stimulated fibroblasts to express VEGF, SDF-1,
NF-kB and HIF-1a, which are critical factors and signaling comp.~aents for angiogenesis. Previous
studies have demonstrated that SDF-1 and VEGF are probablv \~e .wo most important factors for
stimulating vessel formation of endothelial cells “*). Ti.~retore, here we indicate that HBOT
promotes the production of SDF-1 and VEGF in fibrou:ast, in turn to regulate the angiogenic
activity of endothelial cells. The present studv spocifically demonstrates that HBOT stimulates
fibroblasts mediated production of SDF-1 =nd VEGF to promote angiogenesis and probably
diabetic wound healing, implying tha® *he simultaneously stimulation of SDF-1 and VEGF is
important for the angiogenesis and " “oun.d healing. This new insight into the regulatory mechanism
of HBOT provides new informa.on for the design of novel therapeutic agents for DFU. For
example, a combinatior of “actors including SDF-1 and VEGF can be used for the treatment of
DFU, this may elicit better effect than the use of one factor singly.

Next, we focused on the study of the regulation of endothelial cells by HBOT. Endothelial cell
HUVECS and fibroblast HSF were co-cultivated in a transwell system. In this study, tube formation
of HUVECS was found to be stimulated by HBOT. Similarly, the migration of HUVECS was found
to be stimulated by HBOT. Thus, we considered that HBOT promotes cell migration of endothelial
cells. For deeper insights into the molecular change of HUVECS, examination of mRNA and

protein of CXCR4 and VEGFR2 were performed. We identified that HBOT increased the
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expression of CXCR4 and VEGFR2, which are receptors for SDF-1 and VEGF, respectively. The
increased expression of receptors of the two major regulatory factors may facilitate the activity of
HUVECS, includes migration and tube formation. It is well known that the expression of receptors

can be stimulated by ligands, and a positive feed-back was formed [

. The proposed
SDF-1/CXCR4 and VEGF/VEGFR positive feed-back loop may be important for the promotion of
the subsequent vessel formation. Our systematic study pointed out that HBOT stimulated the
production of both SDF-1 and VEGF in fibroblasts, as well as the 2xpression of receptors CXCR4
and VEGFR?2, in turn to activate endothelial cells for migration «~4 (ube formation. The promotion
of gene expression of ligands (SDF-1 and VEGF) and i:.~ir respective receptors (VEGFR2 and
CXCR4) in fibroblast and endothelial cell simultaneous'y s:'agests that the cooperation and balance
of the two cells are important in the regulation of w2 formation.

Our further studies investigated the signaln.” pathways that mediate HBOT induced SDF-1 and
VEGF expression in fibroblasts. Previs.~ reports proved that HIF-1o is a main regulator for the
expression of SDF-1 and VEGF exg ‘essiun. We observed that the knockdown of HIF-1a suppressed
the expression of VEGFA and >™F-1. This finding is consistent with previous studies which
demonstrated that HIF-:~ ,~o.lates the expression of SDF-1 and VEGF in various cell types,
including T cells, macrophages, etc. 1. Additionally, similar mechanisms have been found in the
regulation of angiogenesis in rheumatoid arthritis synovium “® and tumorigenesis “°!. Probably the
molecular pathway that HIF-1a mediated regulation of SDF-1/VEGF expression is an essential and
conserved pathway in angiogenesis process. Moreover, we found that the knockdown of HIF-1a in
HUVECS inhibited tube formation and migration, as well as the production of VEGFR and CXCR4,

demonstrated that the activation of HIF-1a is critical for the angiogenic activity of endothelial cells.

To our best of knowledge, the HBOT induced activation of HIF-1a is a new mechanism to explain
20
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how HBOT facilitates angiogenesis and diabetic wound healing. Additionally, HIF-1a can be
considered as a critical switch for HBOT mediated cure of wound healing, thus, HIF-1a is a
potential effective therapeutic target for DFU. The promotion of HIF-1a signaling may benefit both
fibroblast and endothelial cell simultaneously, thus can facilitate angiogenesis and wound healing in
two ways. In addition to HBOT, the development of new therapeutic agents by stimulating HIF-1a
may be a promising way for the treatment of DFU.

Collectively, the present study investigated the cellular and molecu'«r mechanism of HBOT induced
diabetic wound healing. We found that HBOT enhances diabetic *wound healing by affecting both
fibroblasts and endothelial cells. HBOT promotes the pro..feration of fibroblasts; and induces the
production of angiogenesis regulator SDF-1 and VECF, which subsequently stimulate the
expression of their respective receptors CXCR4 «nu */cGFR in endothelial cells; and stimulate the
migration and vessel formation of endotheh.' cells. Furthermore, we identified that HBOT affects
fibroblasts through the activation of !l la signaling pathway. Our findings provide new
mechanism to explain how HBOT ‘mpruves angiogenesis and wound healing in diabetic patients.
This new mechanism may farilita*» the future development of new therapeutic agents or clinical

methods for the treatmer.: o i2yetic wound healing.
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Hightlights

1. HBOT facilitated wound healing in DFU;

2. HBOT promotes angiogenic activities endothelial cells

3. HBOT activates HIF-1a signaling;

4. HBOT promoted the expression of VEGF/SDF-1 in fibroblast and the expression of

VEGFR/CXCRA4 in endothelial cells
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Figure legends

Fig.1 Hyperbaric oxygen therapy promoted wound healing in DFU mice.

Representative pictures of DFU mice (A). The quantitative measurement of remaining wound area
(mm?) in non-HBOT and HBOT diabetic wound mice model from 0 to 30 days after operation. (n=3,
t-test, *p<0.05) (B). The expression of NF-kB, HIF-1a, VEGFA, VEGFR2, SDF-1and CXCR4
in DFU mice tissues were measured by Q-PCR in non-HBOT and HBOT diabetic mice model (C).

The protein level of NF-xB, HIF-1a, VEGFA, VEGFR2, SDF-1 and CXCR4 in DFU mice tissues

were measured by Western blotting in non-HBOT and HBOT diakc*ic .mice model (D).

Fig.2 Hyperbaric oxygen stimulated the proliferati=~ 2OS production and migration of
fibroblasts

A To evaluate the effects of HBOT for cell prolfe.~t*on of HSF cells, CCK8 assay (A) and ROS
measurement (B) were performed. (n=3, t-.>st *p<0.05). Cell migration of HSF was measured by

wound healing assay (C).

Fig.3 Hyperbaric oxygen NF-kb, Uk-10/VEGF/SDF-1 pathway in HSF

The mRNA level of NF-xB (A), HIF-1a (B), VEGFA (C) and SDF-1 (D) were measured by Q-PCR.

The protein level of NF-xR 1IF-1a, VEGF and SDF-1 were measured by Western blotting (E).

Fig.4 Hyperbaric oxygen simulated tube formation, migration and VEGFR2/CXCR4

expression of endothelial cells when co-cultured with HSF.

Tube formation (A) and cell migration (B) were performed to test the angiogenic activities of
HUVECS. mRNA level of VEGFR2 (C) and CXCR4 (D) were evaluated by Q-PCR. Additionally,
protein level of VEGFR2 and CXCR4 in HUVECS were measured by Western blotting (E). The

secreted form of SDF-1 and VEGFA in cultivated medium were measured by ELISA (F).
28
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Fig.5 Hyperbaric oxygen stimulated migration of fibroblast by activating HIF-1a pathway.
In HSF, HIF-1a was knockdown by siRNA. The mRNA level of HIF-1a (A), VEGFA (B) and
SDF-1(C) were measured by Q-PCR. The protein levels of VEGFA and SDF-1 were measured by

Western blotting (D). Cell migration of HSF was measured by wound healing assay (E).

Fig.6 Knockdown of HIF-1a suppressed tube formation, migration and the expression of
VEGFR2/CXCR4 in HUVECS

Tube formation of HUVECS was measured by tube formaion assay (A), cell migration of
HUVECS were measured by transwell assay (B). The mRNA !=v.| of VEGFR2 (C) and CXCR4 (D)
were measured by Q-PCR. The protein levels of VEGF 2 a1d CXCR4 were measured by Western
blotting (E). The secreted form of SDF-1 and VF.C A in cultivated medium were measured by

ELISA (F).
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