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ABSTRACT

Introduction: Chronic wounds have a compromised microcirculation which leads to restricted gas exchange. The majority of these hypoxic wounds is infested with
microorganisms congregating in biofilms which further hinders the antibiotic function. We speculate whether this process can be counteracted by hyperbaric oxygen
therapy (HBOT).

Methodology: Twenty-eight BALB/c mice with third-degree burns were included in the analyses. Pseudomonas aeruginosa embedded in seaweed alginate beads was
injected under the eschar to mimic a biofilm infected wound. Challenged mice were randomized to receive either 4 days with 1 x ciprofloxacin combined with 2 x 90
min HBOT at 2.8 standard atmosphere daily, 1 x ciprofloxacin as monotherapy or saline as placebo. The mice were clinically scored, and wound sizes were estimated
by planimetry daily. Euthanasia was performed on day 8. Wounds were surgically removed in toto, homogenized and plated for quantitative bacteriology. Ho-
mogenate supernatants were used for cytokine analysis.

Results: P. aeruginosa was present in all wounds at euthanasia. A significant lower bacterial load was seen in the HBOT group compared to either the monotherapy
ciprofloxacin group (p = 0.0008), or the placebo group (p < 0.0001). IL-1p level was significantly lower in the HBOT group compared to the placebo group (p =
0.0007). Both treatment groups had higher osteopontin levels than the placebo group (p = 0.002 and p = 0.004). The same pattern was seen in the SI00A9 analysis
(p = 0.01 and p = 0.008), whereas no differences were detected between the S100A8, the VEGF or the MMP8 levels in the three groups.

Conclusion: These findings show that HBOT improves the bactericidal activity of ciprofloxacin against P. aeruginosa wound biofilm in vivo. HBOT in addition to
ciprofloxacin also modulates the host response to a less inflammatory phenotype.

1. Introduction

Temporary hypoxia immediately after wound establishment is a
necessary trigger for the initiation of the healing cascade. However,
healing is dependent on a subsequent reestablishment of the vascular
system for sufficient tissue oxygenation. The compromised microcircu-
lation in a chronic wound is caused by a low perfusion pressure and a
low transcutaneous oxygen (O2) tension (TcPOj) of 5-20 mmHg in
pathologic state compared to 30-50 mmHg in healthy tissue [1]. The
hypoxic microenvironment is thought to be associated with the accu-
mulation of necrotic tissue, waste products, edema, and hindered
granulation. Many separate factors are involved in the dynamics and are
contributing to this unfavorable microenvironment [2-4]. These include
the altered vascular- and innate immune response caused by
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comorbidities and decreased O-dependent defense, such as the poly-
morphonuclear neutrophils’ (PMNs‘) ability to perform the respiratory
burst [5-11].

P. aeruginosa is an opportunistic pathogen in burn- and chronic
wounds [12-14]. It is thought to prolong the inflammatory phase of
healing by displaying various virulence factors and surface proteins in
addition to inducing the host response [15]. When the PMNs respond to
the bacteria congregated in biofilm they release reactive Oy species
(ROS) and matrix metalloproteases (MMPs) responsible for the degra-
dation and dislodging of the wound matrix. MMPs hydrolyze peptide
bonds and must be balanced with tissue inhibitors of metalloproteinases
(TIMPs) to optimize tissue remodeling. When the biofilm persists, a
prolonged MMP exposure results in collateral damage of the adjacent
healthy tissue [16]. The result is a prolonged inflammatory phase, an
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inappropriate PMN- and growth factor function, damaged tissue, and
increased available nutrients for the bacteria originating from the lysed
cells.

The slow bacterial growth in the biofilm may contribute to prolonged
antibiotic selection pressure and increased mutation rates, resulting in
antibiotic tolerance, prolonged inflammation or antibiotic resistance
[17,18]. The structure and composition of the wound debris combined
with the biofilm extracellular matrix (EPS) acts as a physical barrier
against infiltration by fibroblasts, keratinocytes and immune cells. The
antibiotics are bound in the matrix, preventing them from reaching
sufficient concentrations in the wound bed. The antibiotic penetration
can further be limited by an underlying condition, such as diabetes,
arteriosclerosis or edema. This hindered antibiotic delivery results in a
concentration below the minimal inhibitory concentration (MIC) and
minimal bactericidal concentration (MBC). In addition to a low anti-
biotic concentration in the target tissue, the Oy depletion in the envi-
ronment further limits the activity of some antibiotics [19].

Diverse approaches to counteract this complex pathologic state are
being explored. This includes additional insight into the hypoxia-
inducible factors (HIFs), the key players in Oy homeostasis, new drug
delivery systems with targeted or stimuli-triggered release, small
molecule drugs and the optimization of either topical therapy [20-22]
or hyperbaric O, therapy (HBOT).

A HBOT chamber can increase the dissolved plasma O3 concentra-
tion in blood from 0.3 mL/dL at 1.0 atm to 6 mL/dL at 3.0 atm. The
increased Oy concentration moderates the ischemia-reperfusion-induced
leukocyte influx, augments the neutrophil bactericidal activity, inhibits
the bacterial- and improves the fibroblast-proliferation, angiogenesis
and wound healing. The effects are mediated by ROS and nitrogen
species generated locally in the tissue [23-27].

Using our mouse model of a chronic P. aeruginosa biofilm wound
infection, we investigated whether adjunctive HBOT could augment the
antibacterial effect of ciprofloxacin and moderate the host response.

2. Method
2.1. Mouse model and study design

Our chronic wound model is approved by the Danish animal welfare
legislation (permission no. 2020-15-0201-00535).

Female 11-week-old BALB/c mice (n = 64) were purchased from
Janvier Labs (Rte. du Genest, 53,940 Le Genest-Saint-Isle, France). A
pilot study with 32 mice was conducted prior to the experiment to
construct a valid setup. Here, mice were treated with 3 days of HBOT
instead of 4 days which was applied in the current setup. All other
methodology was the same in the pilot and in the current study.

Mice were acclimatized for 7 days in the rodent facility at the Biotech
Research & Innovation Centre, University of Copenhagen. On day 3 of
acclimatization, Nutella (Imported by Ferrero, Malmg, Sweden) was
administered to assure that the mice were accustomed to taste and smell.
On day 7, buprenorphine hydrochloride glucose monohydrate (Indivior
Europe Limited, Dublin, Ireland) was added to the Nutella (0.3 mg/g)
and 125 mg Nutella/buprenorphine mix was administered per mouse in
individually ventilated cages. On day 8 (after arrival in facility), mice
were shaved on their backs and prepared for the burn procedure.

The burn procedure was performed under general anesthesia ((250
pL Hypnorm (fentanylcitrat, 78.75 pg/ml; fluanisone, 2.5 mg/ml,
VetaPharma Ltd, Leeds, UK) combined with midazolam (1.25 mg/ml,
Accord Healthcare AB, Solna, Sweden)). A customized fire protective
garment and plate was used to cover the mouse except fora 1.5 x 1.5 cm
exposed lumbar region of the mouse. The pre-heated hot air gun was
aimed at exposed skin for 5 s at a fixed distance of 4 cm. After the
procedure, all mice were administered 1 mL NaCl in the cervical sub-
cutis to avoid dehydration and single-caged. Cages were placed on 37 °C
heat mats to avoid hypothermia. Easily accessible pre-watered chow,
regular chow, water, Nutella with buprenorphine and cage enrichment
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articles (tunnels/toys) were placed in each cage. Mice were adminis-
tered an additional first dosage buprenorphine (0.1 mg/kg subcutane-
ously (s.c.)) after anesthesia. All following buprenorphine doses were
administered orally in the Nutella. After 24 h, the cages were moved into
regular individually ventilated racks and the mice were clinically eval-
uated daily.

On the 4th day after the burn procedure, 100 pL of 107 colony
forming units (CFU) P. aeruginosa PAO1 embedded in alginate beads was
injected under the eschar of all animals (Fig. 1).

2.2. Bacterial bead preparation

The alginate beads were prepared a day prior to installation under
the eschar by mixing sterile filtered 1% alginate (Protanal LF 10/60
(IMCD, Helsinggr, Denmark) in 0.9% salinewith a 2-times diluted
overnight culture of PAO1 in lysogeny broth. The mixture was then
administered through a nozzle attached to a drip counter (Gaseby3100
Syringe Pump, 20 mL/h) into a magnetic stirring (300 rpm) Tris hy-
drochloric acid (HCL) buffering agent with added calcium chloride. The
solution was then filtered, centrifuged and beads were finally washed
(x3) in a saline and calcium chloride solution. Beads were resuspended
and plated for initial quantitative bacteriology. Beads were stored at
4 °C overnight.

On the day of installation, CFU were counted and the alginate sus-
pension was diluted to reach 107 CFU/mL [28].

2.3. Hyperbaric oxygen therapy (HBOT)

Twenty-four hours after bead installation (day 5), the animals were
anesthetized with 250 pL a cocktail of hyporm (fentanylcitrat, 78.75 pg/
ml; fluanisone, 2.5 mg/ml) combined with midazolam (1.25 mg/ml) and
allocated randomly to three groups.

Group I) HBOT 2 x 90 min/day plus slow acclimatization/de-
acclimatization (15 minuts of each) and 500 pL Ciprofloxacin x 1
daily (0.5 mL, 2 mg/mL Fresenius Kabi, Copenhagen, Denmark) (n =
11)

Group II) 500 pL Ciprofloxacin x 1 daily (n = 11)

Group III) 500 pL saline x 1 daily, placebo group (n = 10)

All antibiotic injections (or placebo) were administered subcutane-
ously in the abdomen once daily. The first dosing was 24 h after infec-
tion establishment. The dosage was chosen to be suboptimal for
P. aeruginosa eradication based on an initial study testing different
dosages in our model to ensure a substantial, but not complete bacterial
killing.

HBOT was executed in an Oxycom 250 ARC chamber (Hypcom,
Tampere, Finland) at 2.8 bar with 100% O5 and appropriate ventilation.
The mice were sedated and placed on a preheated mat using a water-
circulating heating system at 37 °C (Julebo FL 300, Buch Holm). In-
terventions continued for 4 consecutive days. Mice were euthanized the
following day (day 8).

2.4. Clinical score

Mice were clinically scored by two scientists daily, both appearance
and behavior were evaluated [29]. Groups were blinded to the in-
vestigators scoring the animals. A third scientist kept track of scores and
cages.

2.5. Wound healing

Photo documentation of the wound was performed daily. Size of the
wound was analyzed by two independent scientists using the free soft-
ware ImageJ from the National Institutes of Health, University of
Wisconsin.
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32 acclimatized mice were given a full thickness necrosis on the lumbar region under general anesthesia. Post-procedure s. c. injections with saline and IVC cages
with easily accessible Nutella/buprenorphine, pre-watered chow and heat were allotted to avoid pain, hypothermia and dehydration. P. aeruginosa embedded in
seaweed alginate beads was injected under the eschar to mimic a biofilm infected wound. Mice were randomized to receive either ciprofloxacin combined with 2 x
90 min HBOT at 2.8 atm. daily (n = 10), ciprofloxacin as monotherapy (n = 11) or placebo (n = 7) for 4 consecutive days (4 mice were excluded from the study due
to unexpected death or as a humane endpoint). Mice were clinically scored, and wound sizes were estimated by planimetry. Euthanasia was performed day 8. Wounds
were surgically removed in toto, homogenized and plated for quantitative bacteriology. Homogenate supernatants were used for cytokine analysis.

2.6. Quantitative bacteriology

Postmortem, the wounds were aseptically obtained in toto. The
wounds were placed into 2 mL microcentrifuge tubes (Nerbe plus,
Winsen/Luhe, Germany) containing five glass beads and 500 mL saline.
The wounds were homogenized (TissueLyser II; Qiagen, Copenhagen,
Denmark) for 30 min at a frequency of 30/s. The wound homogenates
were diluted in saline, plated on lactose agar plates (SSI Diagnostics,
Hillergd, Denmark), incubated overnight and the CFU were counted the
next day for quantitative bacteriology.

2.7. Cytokine and protease analyses

Cytokines were analyzed on the LUMINEX 200TM platform (Lumi-
nex Corp., Austin, TX, USA). The bead-based multiplex assays (Bio-
techne R&D Systems, Minneapolis, MN, USA) included measurements of
IL-1B, S100A8, S100A9, Osteopontin (OPN), vascular endothelial
growth factor (VEGF) and matrix metalloprotease-8 (MMP8).

2.8. Statistical analyses

Statistical analysis of data was performed with GraphPad Software
(La Jolla, CA, USA). Data are presented as medians + 95% confidence
intervals. Differences between the groups were calculated with Krus-
kal-Wallis test. The level of significance was set to p = 0.05.

3. Results

From the original 32 mice of the present study, 28 were included in
the statistical analyses. One mouse died during the recovery period after
the burn procedure. One mouse died during the first HBOT treatment.
Two mice from the placebo group were euthanized on day 3 and 4 due to
reaching the humane endpoints according to the clinical scoring system.

3.1. Clinical scores, weight and wound planimetry

No statistical differences were detected when comparing the weight
changes of the mice from day O till sacrifice day between groups (HBOT
+ Cipro: +0.3 g (—1.3;2.6), Cipro: —1.1 g (—2.8;1.0), Placebo: —0.9 g
(—4.0;5.5), p = 0.5) nor when analyzing the clinical scores between
inter- or intra-groups (figures not shown).

Comparing the wound sizes between groups on the sacrifice day did
not reveal any differences (Fig. 6).

3.1.1. Quantitative bacteriology

Quantitative bacteriology revealed significant differences between
the three groups (p < 0.0001) (Fig. 2). The group treated with both
ciprofloxacin and adjunctive HBOT had lower bacteriology than the
ciprofloxacin treated group (p = 0.0008) and both intervention groups
differed significantly from the placebo group (p < 0.0001 for both).
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Fig. 2. Adjunctive HBOT reduces wound bacteriology

Quantitative bacteriology differed significantly between the three groups. The
lowest median was seen in the group treated with both ciprofloxacin and
adjunctive HBOT (2.83-10° CFU/wound (1.05-10% 6.75-10%)) and was signifi-
cantly lower (p < 0.0008) than the median of the single treated group
(1.17-107 CFU/wound (3.90-10% 8.25-107)). Both intervention groups differed
significantly from the placebo group (1.25-10° CFU/wound (1.07-10%
1.74.10%) (p < 0.0001). Each data point represents the CFU in one wound. Data
are represented with median and 95% confidence interval.

3.1.2. Cytokine and protease response

The wound homogenate was tested for IL-1p content (Fig. 3). The
double treated group had lower IL-1p levels than the placebo group (p =
0.0007), but the IL-1p levels in the monotherapy group was not signif-
icant from the placebo group.

OPN levels were higher in both treatment groups compared to the
placebo group (p = 0.002 and p = 0.004) (Fig. 4). SI00A9 levels in both
treatment groups were significantly higher than the level in the placebo
group (p = 0.01 and p = 0.008). No significant difference was detected
between the two treatment groups (Fig. 5). No significant differences in
quantitated S100A8, VEGF or MMP8 between the three groups were
detected (data not shown).

4. Discussion

The present project aimed at investigating the effect of HBOT as an
adjuvant to ciprofloxacin in a murine chronic P. aeruginosa biofilm
wound model. By adding HBOT, increased bacterial killing was attained
by ciprofloxacin. This double intervention group showed a reduction of
quantitative wound bacteriology of nearly 1 log compared to the cip-
rofloxacin monotherapy group and more than 2 logs compared to the
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Fig. 3. Interleukin-1 beta is reduced in the double treated group

When the groups were compared only the group treated with both HBOT and
ciprofloxacin (3.18-10% (2.23-10%5.44-10%) and the placebo group (1.94-10*
(8.62:10%5.12:10%) were significantly different with a p-value of 0.0007. Data
are represented as the median + 95%CI.

placebo treated group after 8 hyperbaric oxygen treatments in 4 days,
using the same doses as used clinically for patient treatment [30]. This is
in accordance with in vitro results, where HBOT was found to sensitize
P. aeruginosa to antibiotics [8,9,31].

Additionally, our results showed an altered host response profile
with lowered inflammation when HBOT and ciprofloxacin were
administered simultaneously. Specifically, we found a lower level of the
proinflammatory cytokine, IL-1p in the group of mice treated with both
HBOT and ciprofloxacin compared to the control group (Fig. 3). IL-1f
and HIF-1 have previously been suggested to form a signaling loop in
response to hypoxia. Human and murine IL-1f genes carry multiple HIF-
1-binding sites in their promoter regions, which are part of the
inflammation-triggered regulation of IL-1p [32].

HIFs are known to be the key players in Op homeostasis. A defective
HIF-1 signaling in response to local hypoxia is thought to contribute to a
failed upregulation. We speculate that the supplemented extra O, may
prevent transcription of the IL-1p genes due to the Oz-induced disloca-
tion of HIF-1 from its binding sites. The applied HBOT was, however,
insufficient to induce differences in the expression of VEGF, which is
responsible for initiating angiogenesis and nitric oxide production, or
failure to adapt to anaerobic metabolism and thus hindering the healing
of chronic wounds regulated by HIF-1 [24,33]. Since VEGF did not
reveal any differences between the groups, indicating that HIF-mediated
VEGF expression was not influenced by HBOT in this setup, the unaf-
fected expression of VEGF may in part explain the absent effect of HBOT
on the wound sizes.

Osteopontin is a multipotent cytokine and is known to act on the
innate and adaptive immune response. OPN activates the expression of
adhesion molecules on endothelial cells and initiates recruitment as well
as inhibits the apoptosis of PMNs. It is also known to be involved in
pathology, where it contributes to the development of immune-
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Fig. 4. Osteopontin levels are elevated in the treated groups

OPN levels were higher in both treatment groups compared to the placebo
group (p = 0.002 and p = 0.004), median and 95%CI were respectively
(3.18:10%° (1.28:10%6.13-10°%), 1.26-10° (8.19-10%1.72.10%) and 4.50-10*
(1.25-10%1.17-10). Data are represented as median + 95%CIL.

mediated and inflammatory diseases [34]. In our setup, we detected
higher levels of OPN in the treatment groups compared to the placebo
group, but no difference between the treatment groups, which corre-
sponds to earlier results from our group in this experimental setup [35].
OPN is primarily considered a proinflammatory protein, but also dis-
plays considerable anti-inflammatory and neovascularizing abilities
[36]. Together with the lowered IL-1p levels in the double treated group,
this increase in OPN is interpreted as a marker for an increased
anti-inflammatory, angiogenic and anti-apoptotic- status and could thus
mark a progression into the proliferative phase of wound healing
[36-39].

The immune and inflammation modulatory calcium- and zinc-
binding proteins, SI00A8 and S100A9 were also investigated. S100
proteins are predominantly found as heterodimers and are thought to be
regulated in a negative feedback loop. S100A8/A9, also known as cal-
protectin, has multiple intra- and extracellular functions. S100A8/A9 is
a danger-associated molecular pattern molecule (DAMP) and can induce
neutrophil chemotaxis and adhesion. It modulates the cytoskeleton
components and neutrophilic NADPH-oxidase. SI00A8/A9 also acts as
an antimicrobial by chelating Zn?" and prevents tissue damage by
oxidant-scavenging and apoptosis-inducing functions [40-43]. We pre-
viously showed the immunomodulatory, bactericidal and
resistance-preventing abilities of SI00A8/A9 when administered with
ciprofloxacin [35,44-47]. Our group has also previously investigated
S100A8/A9 in a clinical setting, where the S100A8/A9 level was
significantly reduced in wound fluid from venous ulcers compared with
healing wounds [46]. Our current findings indicate that SI00A8 and A9
might be differentially regulated.
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Fig. 5. S100A9 levels are elevated in the treated groups

The S100A9 levels in both the treatment groups were significantly higher than
the level in the placebo group (p = 0.01 and p = 0.008 (1.32-10°
(1.11-10%1.46-10%,  1.36:10°  (1.14-10%1.43-10°% and  1.03-10°
(7.16-10%1.29-10%)). Data are represented as median and 95%CI.

4.1. Limitations of the study

Humans heal with granulation and re-epithelialization. On the basis
of the panniculus carnosus layer in rodent’s skin, the wound contracts
almost immediately after injury, making a wound size difficult to eval-
uate in a rodent wound model. Indeed, wound sizes did not show any
difference in the present study and were only considered a secondary
endpoint. Though HBOT significantly enforced the bactericidal effect of
ciprofloxacin, the absent effects on wound healing may indicate that the
remaining bacterial population in all groups were too large to allow
progression into the proliferative phase of wound healing. Further
studies involving additional reduction of the bacterial population by
longer periods of treatment are thus warranted for the possible detection
of increased wound healing by adjuvant HBOT. Despite this difference,
the translational relevance of murine models in chronic wound research
is prominent in order to identify feasible adjunctive treatments to be
further investigated.

5. Conclusion

Our findings show that HBOT improves the bactericidal activity of
ciprofloxacin on P. aeruginosa biofilm in vivo in a chronic wound infec-
tion mouse model. HBOT in addition to ciprofloxacin modulates the host
response to a more anti-inflammatory phenotype.

Since HBOT is already approved for human use in the same doses as
used here, our results could justify establishing a clinical study of
adjunctive HBOT in the management of non-healing wounds.
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