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Hyperbaric oxygen (HBO) therapy involves the inhalation of 100% oxygen, whilst inside a chamber at

greater than atmospheric pressure. It is an effective treatment for chronic diabetic wounds, although

the molecular mechanisms involved remain unclear. We hypothesised that HBO could alter

inflammatory gene expression in human endothelial cells via a reactive oxygen/nitrogen species-

mediated pathway. Endothelial cells were exposed to a chronic wound model comprising hypoxia

(2% O2 at 1 atmosphere absolute (ATA); PO2 ~2 kPa) in the presence of lipopolysaccharide and TNF-α

for 24 h, then treated with HBO for 90 min (97.5% O2 at 2.4 ATA; PO2 ~237 kPa). 5 h post-HBO, 19

genes involved in adhesion, angiogenesis, inflammation and oxidative stress were downregulated. No-

tably, only angiogenin gene expression, which promotes both angiogenesis and nitric oxide production

(reflected by increased eNOSprotein expression in this study),was upregulated. This led to a decrease in

endothelial IL-8 mRNA and protein, which could help alleviate inflammatory processes during chronic

wound healing. This was no longer evident 22.5 h post-HBO, demonstrating the importance of daily ex-

posures in HBO treatment protocols. These studies indicate that elevated oxygen transiently regulates

inflammatory gene expression in endothelial cells, which may enhance chronic wound healing.

© 2011 Elsevier Inc. All rights reserved.
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Introduction

Chronic wounds are a huge burden on health services and the

economy. In 2000, it was estimated that between three and six

million people in the United States suffered from one of the

three main types of chronic wound – a diabetic, venous or pres-

sure ulcer, and that the total cost of wound care was around

$3 billion per year [1]. As the population continues to age, this

problem will grow, as people over 65 years old account for around

85% of chronic wound patients [1,2]. In normal wound healing, the

wound progresses through three main overlapping phases – an

inflammatory phase, a proliferative phase and a remodelling

phase. These phases have characteristic cell involvement and in-

volve intercellular signalling between platelets, macrophages, lym-

phocytes, polymorphonuclear leukocytes (PMNs), keratinocytes

and endothelial cells, and the release of growth factors and cyto-

kines from these cells orchestrates the healing process itself [3].

Wounds that fail to progress successfully through the normal
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healing process become chronic wounds, and healing is typically

interrupted in the inflammatory phase [1].

Hypoxia is a key feature of chronic wounds, where destruction of

the vasculature in thewound area, and high oxygen consumption by

cells such as leukocytes and fibroblasts, result in low oxygen levels

[4]. The PO2 in chronic wounds has been measured using invasive

oxygen electrodes, and has been found to lie in the range ~0.67–

2.67 kPa (compared with typical values of ~4.0–6.67 kPa in healthy

tissue) [5]. This prolonged hypoxia impairs several processes in-

volved in wound healing, including collagen synthesis and deposi-

tion, epithelialisation, and phagocytic activity [6–8]. Additionally,

chronic wounds are typically colonised by numerous species of bac-

teria, particularly opportunistic pathogens, as the hypoxic environ-

ment allows the growth of anaerobic bacteria, comprising 49% of

bacterial species in chronic wounds compared with just 36% in

acute wounds [9]. The prolonged hypoxia and bacterial contamina-

tion in the chronicwound leads to the release of large amounts of in-

flammatory cytokines by endothelial and other cells, exacerbating

and propagating inflammation [10].

In order to provide nutrition and oxygen to wound sites to aid

repair, the formation of new blood vessels via the process of an-

giogenesis is critical. The proliferation and migration of endotheli-

al cells during the development of new capillary vessels help

restore an oxygen supply to the ischaemic tissue. Understanding

the molecular mechanisms that regulate wound healing in an in-

flammatory environment is essential if we are to provide new

and more efficient treatment for chronic wounds.

HBO is an approved adjunctive therapy for the treatment of

chronic diabetic wounds, used in conjunction with conventional

treatments, including antibiotics, topical dressings, correction of vas-

cular problems and debridement of tissue, when these latter treat-

ments alone have proved ineffective. HBO involves the intermittent

inhalation of 100% oxygen whilst inside a treatment chamber at a

pressure greater than one ATA [11]. BreathingHBO forces high levels

of oxygen to dissolve in the patient's plasma,which increases oxygen

delivery to hypoxic wound tissue, where large intercapillary dis-

tances limit the diffusion of haemoglobin-bound oxygen. Oxygen

dissolved in the plasma can diffuse further into the hypoxic tissue,

raising wound oxygen levels from 0.67–2.67 kPa to 133.3–

226.6 kPa [5,12]. A number of studies have provided evidence sup-

porting the use of HBO in the treatment of chronic diabetic wounds,

and an example of a wound treated successfully with HBO is shown

in Fig. 1. HBO treatment has been shown to cause significant de-

creases in wound size area compared to control subjects [13] and

more rapid healing rates [14], and a recent double-blinded

placebo-controlled trial provided strong evidence to support the

use of HBO in selected patients with chronic diabetic foot ulcers

[15]. Despite these empirical observations, very few studies have in-

vestigated the effect of HBO on inflammatory gene expression over

time in human endothelial or other cells at the site of wound dam-

age. To address this lack of knowledge, we established a wound

model employing human endothelial cells cultured under hypoxic

conditions and exposed to tumour necrosis factor-alpha (TNF-α)

and bacterial lipopolysaccharide (LPS), similar to the conditions ob-

served in chronic wound sites. We monitored the real time expres-

sion of 92 pro- and anti-inflammatory genes under the wound

model conditions pre- and post-HBO treatment. In addition, we fo-

cussed our attention on a number of gene products that appeared

to be affected by HBO treatment in order to understand the wound

healing processes that occur following HBO treatment.

Materials and methods

Reagents

Ham's F-12 medium and fetal bovine serum (FBS) were pur-

chased from Lonza. Endothelial cell growth supplement (ECGS),

collagenase, gentamicin, LPS and horseradish peroxidase (HRP)-

conjugated polyclonal goat anti-rabbit secondary antibody were

purchased from Sigma-Aldrich UK. TNF-α was purchased from

the NIBSC. Gas mixes were purchased from BOC. RNeasy® Mini

Kit, RNA stabilisation reagent, TURBO DNA-free™ kit, TaqMan®

Reverse Transcription Reagents kit, custom TLDA plates, RNase-

free water and TaqMan® Universal PCR Master Mix were pur-

chased from Applied Biosystems. Rabbit polyclonal anti-human

eNOS antibody was purchased from Abcam. IL-8 sandwich ELISA

kit was purchased from eBioscience, Inc.

Cell culture and viability

Human umbilical cords were obtained within 24 h of birth from

normal pregnancies. The anonymous collection of umbilical

cords for this project was approved by the North and East Devon

Fig. 1 – HBO is an effective treatment for chronic diabetic wounds. An example of a wound is shown before the initiation of HBO

treatment, and five months post-treatment.
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Medical Research Ethics Committee. Human umbilical vein endo-

thelial cells (HUVEC) were isolated from the vein by collagenase

(0.3 mg/ml) digestion [16] and cultured in Ham's F-12 medium

containing 20% (v/v) FBS, 50 μg/ml gentamicin, and 20 μg/ml

ECGS at 37 °C in 5% CO2/air. The identity of endothelial cells in cul-

ture was confirmed by the presence of the typical “cobblestone”

morphology and by the expression of von Willebrand factor and

PECAM-1, as determined by immunocytochemical staining.

The effect of normoxia, hypoxia and HBO on endothelial cell

viability was assessed by the well established techniques of try-

pan blue exclusion and the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. Endothelial cell viabil-

ity was also assessed through microscopic observation of various

morphological changes that typically occur during apoptosis or

necrosis. In addition, flow cytometry was employed to monitor

FITC-annexin V binding to phosphatidylserine (PS) on the surface

of apoptotic cells that were exposed to normoxic and chronic

wound conditions with and without HBO-treatment.

In vitro chronic wound conditions and HBO/pressure

control treatment

Endothelial cells were exposed to in vitro chronic wound (CW)

conditions by culturing them for 24 h with LPS from Pseudomonas

aeruginosa (0.5 μg/ml) and TNF-α (1 ng/ml) in hypoxia (2% O2 at 1

atmosphere absolute (ATA); PO2 ~2 kPa) at 37 °C. Cells were ex-

posed to HBO (97.5% O2 at 2.4 ATA; PO2 ~237 kPa) or pressure

control (PC) conditions (0.83% O2 at 2.4 ATA; PO2 ~2 kPa) for

90 min in separate pressure vessels at 37 °C.

Adhesion of PMNs to an endothelial monolayer under flow

PMN adhesion to endothelial cells was monitored at physiological

shear stress using a commercial flow system (Thistle Scientific,

UK). PMN suspensions (1×106 cells/ml in RPMI containing 10%

(v/v) FBS, 25 mM HEPES and 2 mM L-glutamine) were flowed

over a monolayer of (passage 4 or less) HUVECs at a shear stress

of 1 dyn/cm2 for 4 min at 37 °C. The flow slides were examined

using a Nikon Eclipse TS100 microscope, and photographs were

taken of ten random fields/experimental condition. Each experi-

ment was performed on three separate occasions.

RNA isolation and cDNA preparation for inflammatory gene

QRT-PCR analysis

RNA expression was analysed as previously described [17,18].

Briefly, RNA was isolated from 2×106 HUVEC per treatment con-

dition using an RNeasy® Mini Kit, and supplemented with 10 μl

RNA stabilisation reagent. Contaminating DNA was removed

using a TURBO DNA-free™ kit. RNA concentration and purity

were assessed using a Nanodrop 8000 (Thermo Scientific, Leices-

tershire, UK) and quality was assessed using electrophoresis.

cDNA was synthesised from 2.5 μg RNA per sample using a Taq-

Man® Reverse Transcription Reagents kit.

QRT-PCR of inflammatory genes in endothelial cells under

hypoxic, HBO and pressure control conditions

For each treatment condition, 92 genes of interest (Table 1) were

screened using custom-made TLDA plates. Briefly, reactionmixtures

were prepared by mixing 2 μl of each cDNA sample (containing

100 ng cDNA) with 48 μl RNase-free water and 50 μl TaqMan® Uni-

versal PCR Master Mix, before 100 μl reaction mixture was added to

each loading port on the array. Four samples were analysed per

plate. Samples were amplified using the 7900HT Fast Real-Time

PCR System (Applied Biosystems, Warrington, UK) with the follow-

ing amplification conditions: 2 min at 50 °C (to activate uracil

N-glycosylase), 10 min at 94.5 °C (for activation), and 50 cycles of

30 s at 97 °C (denaturation) and 1 min at 59.7 °C (annealing and ex-

tension). Gene expression data were analysed using relative quanti-

fication software, SDS 2.3 (Applied Biosystems,Warrington, UK) and

the comparative threshold cyclemethod (ΔΔCt). Data were normal-

ised against the average expression of four endogenous control

genes (eukaryotic 18S RNA – 18S, beta actin – ACTB, beta-2-

microglobulin – β2M and glyceraldehye-3-phosphate dehydroge-

nase – GAPDH). Quality control was achieved by comparison of the

quadruplicate crossing points for each gene per sample. At each

time-point, gene expression levels of the HBO- or pressure-treated

samples were normalised against those of chronic wound-treated

cells.

Measurement of eNOS expression and production of

NO2
− (nitrite) and NO3

− (nitrate)

HUVEC were treated as above and collected immediately, 5 h and

22.5 h post-hyperbaric treatment. Cells were analysed for eNOS ex-

pression by western blotting as follows: total protein samples were

prepared by cell lysis in sample buffer containing 62.5 mM Tris HCl

(pH 6.8), 2% (w/v) SDS, 25% (v/v) glycerol, 0.01% bromophenol

blue and 50 mM DTT. Samples were heated at 100 °C for 5 min and

25 μg protein per sample was separated by SDS-PAGE and trans-

ferred to PVDF membrane at 60 V for 1 h. Blots were blocked for

1 h with 5% (w/v) milk powder (Marvel) in PBS containing 0.02%

Tween-20 (PBS-T). Blots were then incubated with rabbit anti-

human eNOS primary antibody diluted 1:1000 in PBS-T, overnight

at 4 °C with gentle agitation. Blots were washed three times for

5 min in PBS-T, and then incubated with an HRP-conjugated goat

anti-rabbit secondary antibody diluted 1:5000 in blocking buffer

for 1 h at room temperature. Blots were washed six times for

5 min in PBS-T before bandswere detected and their densities quan-

tified using enhanced chemiluminescence detection on a Chemidoc

XRS system with Quantity One software (Bio-Rad Laboratories Ltd.,

Hemel Hempstead, UK). Blots were stripped and reprobed for actin

to assess protein loading.

To screen for stable end products of NOS activity, NO2
− and NO3

−

in HUVEC cell culture medium were analysed using a

chemiluminescence-based ˙NO analyser (Sievers 280i ˙NO analyser,

GE Analytical Instruments, Boulder, Colorado). Sampleswere depro-

teinised according to the method of Higuchi and Motomizu [19].

Briefly, 100 μl of sample was diluted with 200 μl H2O, then mixed

with 300 μl 0.3 M NaOH and incubated for 5 min at room tempera-

ture. 300 μl 5% (w/v) ZnSO4 was added and the mixture was vor-

texed then incubated for 10 min at room temperature. Finally, the

mixture was centrifuged at 10,000×g for 15 min and the superna-

tant was collected for analysis as previously described [18]. NO2
−

was reduced to ˙NO in 0.3 M NaI in acetic acid at room temperature,

and NO3
−was reduced to ˙NO in VCl3 in HCl, at 95 °C. Chemilumines-

cence was produced by a reaction between ˙NO and ozone (O3), cre-

ating electronically-excited nitrogen dioxide (NO2) that was then

detected by a photomultiplier tube. Values for NO2
− and NO3

−
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concentrationweremeasured in duplicate and calculated from stan-

dard curves generated using known concentrations of NaNO2 and

NaNO3, respectively.

IL-8 measurement

The concentration of IL-8 in culture medium collected from HUVEC

under the different treatment conditions was quantified using a

commercial IL-8 sandwich ELISA. Briefly, HUVEC were treated in

gelatin-coated 96-well plates and cell culture medium was collect-

ed. High affinity 96-well plates (Corning Costar 9018) were coated

with 100 μl per well of capture antibody in PBS overnight at 4 °C.

Wells were washed five times with 250 μl per well PBS-T then

blocked with 200 μl per well blocking buffer. Wells were washed

five times and 100 μl standard or sample was added per well and in-

cubated for 2 h at room temperature. Wells were washed five times

then 100 μl biotinylated detection antibody was added per well and

incubated for 1 h at room temperature. Wells were washed five

times then 100 μl avidin-HRP was added and incubated for 30 min

at room temperature. Wells were washed seven times then 100 μl

TMB substrate solution was added per well and incubated for

15 min at room temperature. Reactions were stopped with 50 μl

per well of 2 M H2SO4 and plates were read at 450 nm using a

FLUOstar OPTIMA platereader (BMG Labtech Ltd, Aylesbury, UK).

Data analysis

Differences in quadruplicate measurements of gene expression

data between different treatment conditions were analysed

using the Mann Whitney U test. Levels of eNOS were expressed

as a percentage of the data for the unstimulated cells at 0 h post-

treatment before analysis with the Mann Whitney U test. Total

Table 1 – Target genes screened in endothelial cells after exposure to chronic wound conditions pre- and post-HBO treatment.

Category Protein (gene) name General functions

Adhesion molecules ICAM-1 (ICAM1); VCAM-1 (VCAM1); E-selectin (SELE); P-selectin (SELP);

PECAM-1 (PECAM1); Mucosal addressin cell adhesion molecule-1 (MADCAM1);

Junctional adhesion molecule 1 (F11R); JAM2 (JAM2); JAM3 (JAM3); Fibronectin

1 (FN1); Lymphocyte-specific protein 1 (LSP1); CD99 (CD99); Endoglin (ENG)

Adhesion molecules involved

in leukocyte recruitment/

attachment

Angiogenic growth factors VEGF A (VEGFA); VEGF B (VEGFB); VEGF C (VEGFC); Angiogenin (ANG);

Angiopoietin 1 (ANGPT1); Angiopoietin 2 (ANGPT2); Angiopoietin 4 (ANGPT4);

Connective tissue growth factor (CTGF); EGF-like repeat and discoidin I-like

domain-containing protein 3 (EDIL3); Thymidine phosphorylase – endothelial

cell growth factor 1 (TYMP)

Important growth factors

promoting cell proliferation,

blood vessel growth and

permeabilisation

Angiogenesis targets Fms-related tyrosine kinase 1 – VEGF receptor 1 (FLT1); Kinase insert domain

receptor – VEGF receptor 2 (KDR); TEK tyrosine kinase, endothelial (TEK);

Tyrosine kinase with immunoglobulin-like and EGF-like domains 1 (TIE1)

Receptors for growth factors

leading to vascular development

and permeability

Angiogenesis inhibitors A disintegrin and metalloproteinase with thrombospondin motifs 1 (ADAMTS1);

TNF (ligand) superfamily – member 15 (TNFSF15); Vasohibin 1 (VASH1); Tissue

inhibitor of metalloproteinases 2 (TIMP2)

Can act as angiogenic inhibitors

Tissue remodelling MMP-2 (MMP2); MMP-9 (MMP9); TIMP1 (TIMP1); TIMP3 (TIMP3); TIMP4 (TIMP4) Collagen degraders and

promoters of cell proliferation

and cell remodelling

Apoptosis Caspase-1 (CASP1); Caspase-2 (CASP2); Caspase-3 (CASP3); Caspase-6 (CASP6);

Caspase-7 (CASP7); Caspase-8 (CASP8); Caspase-9 (CASP9); Caspase-10 (CASP10);

p53 (TP53)

Regulation of apoptosis

Oxygen response and

redox signalling

HIF-1α (HIF1A); HIF-1β (ARNT); Endothelial PAS domain protein

1 – HIF-2α (EPAS1); HIF-3α (HIF3A); Haem-oxygenase-1 (HMOX1);

Peroxiredoxin 1 (PRDX1); Peroxiredoxin 2 (PRDX2); Peroxiredoxin 6 (PRDX6);

Glutathione peroxidase 1 (GPX1); CuZnSOD (SOD1); MnSOD (SOD2);

Catalase (CAT); Xanthine dehydrogenase (XDH); Glutathione S-transferase alpha

1 (GSTA1); Sulfiredoxin 1 homolog (SRXN1); Thioredoxin (TXN); NADPH oxidase

4 (NOX4); Glyoxalase 1 (GLO1)

Regulators of oxidative stress

Nitric oxide synthesis eNOS (NOS3); iNOS (NOS2); nNOS (NOS1); Nitric oxide synthase

trafficker (NOSTRIN); Nitric oxide synthase interacting protein (NOSIP)

Involved in the production and

regulation of the bioactive

molecule nitric oxide

Cytokines and receptors TNF-α (TNF); TNF receptor 1 (TNFRSF1A); TNF receptor 2 (TNFRSF1B); IL-8 (IL8) Proinflammatory mediators and

cell recruitment

Prostaglandin metabolism Prostaglandin endoperoxide synthase 1 (PTGS1); Prostaglandin endoperoxide

synthase 2 (PTGS2)

Regulators of angiogenesis

and prostaglandin biosynthesis

Inflammatory mediators Phospholipase A2, group IIA (PLA2G2A); Phospholipase A2, group IID (PLA2G2D);

Annexin A1 (ANXA1); Bradykinin receptor B1 (BDKRB1); Calreticulin (CALR);

Calreticulin 3 (CALR3)

Regulators of pro- and anti-

inflammatory processes

NF-κB NF-κB, subunit 1 (NFKB1); NF-κB, subunit 2 (NFKB2); c-Jun (JUN); c-Fos (FOS) Pro and anti-inflammatory gene

expression regulators

MAP kinases MAPK1 (MAPK1); MAPK3 (MAPK3); MAPK8 (MAPK8); MAPK9 (MAPK9);

MAPK11 (MAPK11); MAPK12 (MAPK12); MAPK13 (MAPK13); MAPK14 (MAPK14)

Regulators of phosphorylation-

dependent cellular processes

Endogenous controls Eukaryotic 18S RNA (18S); Beta actin (ACTB); Beta-2-microglobulin (β2M);

Glyceraldehye-3-phosphate dehydrogenase (GAPDH)

Essential ‘housekeeping’ products
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nitrite and nitrate levels in different treatment groups were also

compared using the Mann Whitney U test. In all cases, P values

<0.05 were considered statistically significant.

Results

The effect of chronic wound conditions and HBO on

endothelial cell viability

Endothelial cell viability was not affected by changes in oxygen con-

ditions (hypoxia or HBO), as measured by trypan blue, MTT, and as-

sessment of morphological changes (Figs. 2A and C). Flow

cytometric analysis of FITC-annexin V binding was employed to ex-

amine the effects of treatment with the chronic wound conditions,

with or without HBO, on endothelial apoptosis revealed no differ-

ences in cell viability in cells that were either left unstimulated, or

were treated with the chronic wound conditions then HBO (Fig. 2B).

Changes in endothelial cell inflammatory gene expression

following treatment with HBO

The genes that demonstrated significant changes in mRNA ex-

pression 5 h after HBO treatment are presented in Fig. 3A. At

5 h post-hyperbaric treatment, samples collected from the CW+

PC-treated cells did not provide sufficient expression data for

enough genes to allow comparison with other treatment condi-

tions. For this reason, these data were excluded from further

analysis. At 22.5 h post-treatment, data for both HBO- and PC-

treated cells were obtained, and those genes that demonstrated

significant differences in mRNA expression from CW-treated

cells are presented in Fig. 3B. Of the 20 genes that demonstrated

significant changes in mRNA expression 5 h after HBO treatment,

19 demonstrated reduced expression (Fig. 3A). Three pro-

inflammatory adhesion molecules, P-selectin, PECAM-1 and

CD99, all of which are involved in neutrophil adhesion and trans-

migration, had reduced mRNA expression. The mRNA expression

Fig. 2 – Effect of variable oxygen and chronic wound conditions on cell viability, apoptosis and morphology. HUVEC from three

different cell populations were treated with either normoxia (21% O2, 5% CO2 at 1 ATA) for 5 h, hypoxia (2% O2, 5% CO2 at 1 ATA) for

5 h or HBO (95% O2, 5% CO2 at 2.4 ATA) for 90 min followed by 3.5 h in normoxia. (A) Trypan blue dye exclusion assay (left panel)

andMTT assay (right panel) were then used tomeasure cell viability. (B). FITC-Annexin V binding was assessed in HUVEC from three

different cell populations that were either left untreated or exposed to hypoxia in the presence of 0.5 μg/ml LPS and 1 ng/ml TNF-α

for 24 h (chronic wound conditions). Cells treated with the chronic wound conditions were then either left in hypoxia at 1 ATA for a

further 24 h, given a 90 min HBO treatment at 2.4 ATA then returned to hypoxia for 22.5 h. (C) Light microscopy assessment of cell

morphology revealed no significant changes between normoxia-treated cells (upper panel) or after hypoxia (middle panel) or HBO

treatment (lower panel).
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of two other genes that have been implicated in neutrophil re-

cruitment was also significantly reduced by HBO treatment, the

pro-inflammatory cytokine IL-8, and the anti-inflammatory

phospholipid-binding protein, annexin A1.

Several genes with roles in angiogenesis and tissue remodel-

ling also demonstrated significant changes in mRNA expression.

Notably, the pro-angiogenic growth factor angiogenin was the

only gene that demonstrated a significant increase in mRNA ex-

pression 5 h post-HBO, which remained elevated 17.5 h later

(Fig. 3B). Another pro-angiogenic growth factor, CTGF, demon-

strated decreased expression 5 h-post HBO. Interestingly, both

TIE-2 (tyrosine kinase with immunoglobulin-like and EGF-like

domains-2; TEK), the pro-angiogenic angiopoietin 1 receptor,

and its inhibitor, angiopoietin 2, demonstrated decreased mRNA

Fig. 3 – Changes in inflammatory gene expression in HBO-treated endothelial cells. HUVEC were treated with chronic wound (CW)

conditions for 24 h, then given a 90 min treatment with HBO or pressure control (PC) conditions. mRNA was harvested 5 h and

22.5 h post-treatment and analysed for changes in gene expression. (A) In CW-treated HUVEC, 20 genes demonstrated statistically

significant changes in mRNA expression 5 h post-treatment with HBO. (B) In CW-treated HUVEC, 15 genes demonstrated significant

changes in mRNA expression 22.5 h post-treatment with HBO or the PC. Data for mRNA expression in HBO-treated cells are

expressed as a fold-change in expression from CW-treated cells (mean±S.D.).
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expression. Two TIMPs, TIMP1, which can promote cell prolifera-

tion, and TIMP2, which inhibits endothelial cell proliferation,

both demonstrated reduced expression 5 h post-HBO. Calreticulin

(CALR), which has also been shown to increase proliferation of en-

dothelial cells, demonstrated reduced mRNA expression 5 h after

treatment with HBO.

Several genes involved in cellular oxygen responses and redox

signalling also demonstrated significant changes, with HIF-2α

(EPAS1), peroxiredoxin 6 (PRDX6), superoxide dismutase 1 (SOD1),

superoxide dismutase 2 (SOD2), thioredoxin (TXN) and glyoxalase

1 (GLO1) all demonstrating significant reductions in mRNA expres-

sion following HBO treatment. By the second time-point, 22.5 h

after hyperbaric treatment, the expression of all but one of these

genes (SOD2) was no longer significantly different from that in

CW-treated cells. The expression of SOD2mRNAwas actually higher

in HBO-treated cells at this time-point.

Some genes demonstrated significant changes in mRNA ex-

pression 22.5 h post-HBO treatment or the PC (Fig. 3B). Two of

these genes were the adhesionmolecules, VCAM-1, which demon-

strated increased expression following either treatment, and

E-selectin, which demonstrated decreased expression following

either treatment. Both VEGF B and the VEGF receptor KDR

(VEGFR2) were upregulated 22.5 h after treatment with HBO.

TNF (ligand) superfamily member 15 (TNFSF15), an inhibitor of

angiogenesis, demonstrated significantly increased mRNA expres-

sion 22.5 h after HBO treatment, but not PC treatment. Heme

oxygenase-1 (HO-1; HMOX1) mRNA expression was reduced by

HBO treatment, but not treatment with the PC, whilst glutathione

peroxidase 1 (GPX1) expression was increased following treat-

ment with either HBO or the PC.

A number of genes were unaffected by HBO treatment and

remained at constant levels at the time points tested in this

study (Table 2). Examples include endoglin (ENG), showing a

lack of endothelial activation under HBO, and caspases-1, -6 and

-8, demonstrating a lack of an HBO-mediated effect on apoptosis.

IL-8 release

As IL-8 mRNA expression in CW-treated cells demonstrated a clear

response to HBO, with a significant decrease in expression 5 h

post-treatment that was resolved at 22.5 h post-treatment

(Fig. 4A), we examined the release of IL-8 protein (Fig. 4B). The con-

centration of secreted IL-8wasmeasured in cell culturemedium col-

lected from HUVEC treated with CW conditions, with or without a

90 min HBO treatment, 5 h and 22.5 h post-HBO treatment. Cells

treated with chronic wound conditions released 170.0±16.0%

(mean±S.D.) of the amount released by unstimulated cells, but

this increased release was significantly reduced by a single HBO

treatment, as CW-treated cells that also received HBO treatment re-

leased only 124.6±23.8% of the amount released by unstimulated

Table 2 – Target genes that were unaffected by HBO (5 h and 22.5 h post-treatment) or pressure control treatment (22.5 h
post-treatment).

Category Protein (gene) name

Adhesion molecules Junctional adhesion molecule 1 (F11R); Fibronectin 1 (FN1); Endoglin (ENG)

Angiogenic growth factors VEGF A (VEGFA); EGF-like repeat and discoidin I-like domain-containing protein 3 (EDIL3)

Angiogenesis targets Tyrosine kinase with immunoglobulin-like and EGF-like domains 1 (TIE1)

Apoptosis Caspase-1 (CASP1); Caspase-6 (CASP6); Caspase-8 (CASP8)

Oxygen response and redox signalling HIF-1α (HIF1A); Peroxiredoxin 1 (PRDX1); Catalase (CAT)

NF-κB NF-κB, subunit 1 (NFKB1); c-Jun (JUN)

MAP kinases MAPK8 (MAPK8)

Fig. 4 – Effect of HBO on IL-8 mRNA and protein expression

with time. HUVEC were treated with CW conditions for 24 h

then given a 90 min treatment with HBO. mRNA and cell

culture medium were collected 5 h and 22.5 h post-treatment

and analysed for IL-8 gene expression and protein

concentration, respectively. (A) IL-8 mRNA expression

presented as mean fold changes±S.D. in relative gene

expression normalised to four control genes, and compared to

unstimulated (US) cells. (B) IL-8 protein levels relative to US

cells at the same time points. Data expressed as the mean±S.D.

(N=3). *P<0.05 versus CW (5 h).
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(US) cells. The effect of HBO on IL-8 secretion was no longer evident

22.5 h post-treatment, as IL-8 levels had returned to 163.2±8.0% of

the amount released by US cells. When freshly-isolated, untreated

PMNs were flowed over untreated endothelial cells, very few neu-

trophils adhered (Fig. 5A). However, when the endothelial cells

were treated for 48 h in chronic wound conditions, the number of

PMNs adhering significantly increased (P=0.037; Fig. 5B), com-

pared to adherence to untreated endothelial cells. A 90 min HBO

treatment of the endothelial cells, 24 h into treatment with the

chronic wound conditions led to a significant reduction in the num-

ber of adherent PMNs compared to chronic wound conditions

(P<0.05; Fig. 5C).

eNOS protein expression and ˙NO release

Angiogenin mRNA expression was increased 5 h post-HBO treat-

ment, and remained significantly high at 22.5 h post-treatment

(Figs. 3A and B). Angiogenin is known to induce ˙NO synthesis in en-

dothelial cells [20]. Since ˙NO is a key factor in angiogenesis we ex-

amined eNOS protein expression and the stable products of ˙NO

production, nitrite and nitrate (Fig. 6). Total eNOS protein expres-

sion in HUVEC following treatment with CW conditions and HBO

or the PC was analysed by western blotting, immediately, 5 h and

22.5 h post-hyperbaric treatment (Figs. 6A and B). Immediately

post-treatment, cells that had been treated with the CW conditions

(with or without a hyperbaric treatment) demonstrated an increase

in the expression of eNOS compared to US cells. CW treatment alone

caused a 3.2±1.4% increase in eNOS expression. Cells that received

an additional hyperbaric treatment (either HBO or the PC) showed a

significantly greater increase in eNOS expression, with increases of

10.5±0.9% and 8.9±3.2%, respectively, compared with the expres-

sion in US cells (Fig. 6B). A similar pattern of eNOS expression was

observed at 5 h and 22.5 h post-treatment, although the differences

between treatments were not statistically significant.

Nitrite andnitrate concentrations inmedium collected from these

cells were assessed using a chemiluminescence-based ˙NO analyser.

Total NO2
− plus NO3

− levels are shown in Fig. 6C, and demonstrate

no statistically significant differences between treatments.

Discussion

This study has shown that a single HBO treatment can significantly

alter the expression of a number of genes in endothelial cells spe-

cifically involved in inflammation and wound healing. Interesting-

ly, HBO treatment appears to alter the expression of different

genes, 5 h and/or 22.5 h post-HBO treatment. 5 h post-HBO treat-

ment a number of genes that are involved in adhesion, angiogene-

sis, cell recruitment, signalling and redox regulation appeared to

be down-regulated, while only one gene (angiogenin) increased

over this time period. The cellular physiology of angiogenin is

poorly understood, but angiogenin is an angiogenic factor that is

essential for cell proliferation, and plays a role in the synthesis of

the biological transmitter ˙NO [20]. ˙NO is known to play a critical

role in vascular physiology and pathology, but has a very short

half-life and is difficult to measure in real time [21]. In this

study, we measured the eNOS protein expression immuno-

chemically and used a sensitive chemiluminescence technique to

measure nitrite/nitrate endpoint products of ˙NO synthesis. A

significant increase in eNOS expression was observed with CW

treatment, and this was further increased immediately post-HBO

and PC treatment. This trend continued at both 5 h and 22.5 h

post-treatment, with a lack of statistical significance. The upregula-

tion of angiogenin gene expression and eNOS protein expression

supports the observations of previous work [20]. In our study it

would appear that this process is influenced by HBO and/or in-

creased pressure. However we were unable to demonstrate an in-

crease in nitrite/nitrate concentrations. One explanation for this

may be that nitrite and nitrate are formed by other pathways, in-

cluding those catalysed by iNOS, nNOS and xanthine oxidoreduc-

tase, which may confound the changes in nitrite/nitrate that are

attributable to changes in eNOS activity [22].

Another notable gene that was down-regulated 5 h after a sin-

gle HBO treatment was the pro-inflammatory cytokine and che-

moattractant – IL8. A number of studies have provided evidence

linking ˙NO production to the regulation of IL-8. An early study

suggested that treatment of endothelial cells with ˙NO inhibitors

Fig. 5 – Effect of HBO on PMN adhesion to endothelial cells. Freshly isolated PMNs were flowed over A) unstimulated endothelial

cells, B) endothelial cells treated in chronic wound conditions for 48 h or C) endothelial cells treated in chronic wound conditions,

given a 90 min HBO treatment, then returned to chronic wound conditions for a further 22.5 h. PMNs, were flowed over endothelial

cells for 4 min at 1 dyn/cm2. Non-adherent PMNs were removed by washing, and adherent PMNs were counted under

phase-contrast microscopy. Examples of adherent PMNs are highlighted with arrows.
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or ˙NO donors decreased or increased IL-8 levels, respectively [23].

However, our own data suggest that increased eNOS expression

correlates with reduced IL-8 expression at the mRNA level and

protein level in endothelial cells treated with HBO. This is in agree-

ment with later studies, which demonstrated that increased ˙NO

significantly reduces IL-8 mRNA in endothelial cells, by inhibiting

nuclear factor-kappaB (NF-κB) binding to the transcriptional start

site in the IL-8 promoter [24], and that inhaled ˙NO can reduce

the IL-8 protein concentration in blood and bronchial lavage [25].

The multiple pathways by which IL-8 production can be regulated

may explain the conflicting results in the literature. For example,

˙NO released from the ˙NO donor, S-nitroso-N-acetyl-penicillamine

(SNAP), can increase HO-1 activity, which in turn up-regulates

VEGF production, which in turn induces IL-8 production [26]. In

our study, HBO was not shown to affect VEGF mRNA production

by endothelial cells at 5 h post-treatment. However, an isoform

of VEGF (VEGFB) was significantly upregulated 22.5 h post-HBO

treatment, which paralleled an increase in IL-8 levels back to levels

seen prior to HBO treatment. The ability of HBO treatment to re-

duce IL-8 production at the mRNA expression and protein secre-

tion level may explain some of the anti-inflammatory effects of

HBO during wound healing. In this study, IL-8 production by endo-

thelial cells at the mRNA and protein level was reduced. We there-

fore looked at the ability of HBO treatment to alter PMN adhesion

to endothelial cells under flow conditions. A single treatment of

HBO to the endothelial cells reduced visibly the numbers of

PMNs adhering to the endothelial cells. The reduction in neutro-

phil adhesion may partly be explained by the changes in IL-8 pro-

duction observed in this study.

Our results suggest that HBO-mediated changes in gene ex-

pression are dynamic and transient. At 5 h post-HBO treatment,

the majority of genes which were altered by HBOwere downregu-

lated (19 genes downregulated, one upregulated). However,

22.5 h post-HBO treatment, a greater number of genes appeared

to be upregulated compared with CW conditions. It was notable

that genes particularly beneficial in angiogenesis and tissue remo-

delling, together with antioxidant enzymes that help suppress

ROS-mediated cellular damage, were significantly upregulated at

the second time-point.

In summary, we have examined the effect of HBO treatment on

endothelial cell gene expression under CW conditions for the first

time. This has revealed that HBO activates a number of genes. Ini-

tially, HBO appears to promote angiogenin expression and eNOS

activity, which correlates with a decrease in IL-8 at the mRNA

and protein level. This may be important in the chronic wound

scenario as IL-8 has a direct effect on endothelial cell survival

and proliferation, as well as a key role as a pro-inflammatory che-

moattractant. However 22.5 h post-HBO treatment, IL-8 levels

begin to recover and a number of regulatory genes for endothelial

cell survival and angiogenesis are activated. These responses may

help to understand, in part, some of the molecular effects of HBO

treatment in endothelial cells at wound sites, and may be useful

to improve the clinical application of HBO for various inflammato-

ry conditions.
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Fig. 6 – Effect of HBO on eNOS protein expression and total

nitrate/nitrite production in CW-treated human endothelial

cells. HUVEC were treated for 24 h with CW conditions, then

given a 90 min HBO treatment. Cells and culture medium were

harvested immediately, 5 h and 22.5 h post-treatment and

analysed for eNOS total protein and nitrite/nitrate levels,

respectively. (A) Western blots of eNOS protein levels of HUVEC

whole cell lysates obtained from unstimulated (US) cells or

after chronic wound (CW), CW+HBO or CW+PC treatment

and immediately, 5 h and 22.5 h post-treatment (upper

panels), together with β-actin loading controls (lower panels).

(B) Following densitometry and normalisation against β-actin,

total eNOS expression was expressed as a percentage of that in

US cells at 0 h post-treatment (mean±S.D., N=3). *P=0.037

versus unstimulated, #P=0.0495 versus chronic wound

conditions. (C) NO2
−/NO3

− levels in cell culture medium

collected from the cells were measured in duplicate using a

chemiluminescence-based ˙NO analyser. Data expressed as the

mean±S.D. (N=3).
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