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Running title: Hyperbaric oxygen treatment in S. aureus endocarditis  28 

 29 

Highlights 30 

 Staphylococcus aureus infective endocarditis (IE) is a serious acute infectious disease 31 

with reported mortality rate up to 40% 32 

 Proposed oxygen dependent bactericidal effect of aminoglycosides 33 

 Hyperbaric oxygen treatment (HBOT) augments the efficacy of tobramycin 34 

(aminoglycoside) in cardiac valve vegetations 35 

 The host response in experimental S. aureus IE was evaluated by key inflammatory 36 

markers in IE 37 

 Proof of concept using adjunctive hyperbaric oxygen treatment in severe S. aureus IE   38 

ABSTRACT 39 

Background. S. aureus infective endocarditis (IE) is a serious disease an in-hospital mortality of 40 

up to 40%. Improvements of effects of antibiotics and host responses could potentially benefit 41 

outcomes. Hyperbaric oxygen treatment (HBOT) represents an adjunctive therapeutic option. We 42 

evaluated the efficacy of HBOT in combination with tobramycin in S. aureus IE. 43 

Methods. A rat model of S. aureus IE mimicking the bacterial load in humans was used. Infected 44 

rats treated with tobramycin were randomized into two groups, 1) HBOT (b.i.d) or 2) normobaric 45 
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air breathing (non-HBOT). Quantitative bacteriology, cytokine expression, valve vegetation size 46 

and clinical status were assessed 4 days post infection. 47 

Results. Adjunctive HBOT (n=13) reduced bacterial load in the aortic valves, myocardium and 48 

spleen compared to the non-HBOT group (n=17) (p=.04, p<.001, and p =.01, respectively) and 49 

improved the clinical score (p <.0003). Photoplanimetric analysis and weight of valve vegetations 50 

showed significantly reduced vegetations in the HBOT group (p <.001). Key pro-inflammatory 51 

cytokines (IL-1b, IL-6, KC and VEGF) were significantly reduced in valves from the HBOT 52 

group compared to the non-HBOT group.  53 

Conclusion. HBOT augmented tobramycin efficacy as assessed by several parameters. The 54 

present findings suggest the potential use of adjunctive therapy in severe S. aureus IE.   55 

 56 

Keywords:  Hyperbaric Oxygen Therapy; Host Response; Oxidative Stress; Hydrogen Peroxide; 57 

Biofilm; Small Colony Variants; Interleukin 10; Hypoxia; Neutrophils; Platelets; Inflammation. 58 

 59 

  60 
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INTRODUCTION 61 

Staphylococcus aureus (S. aureus) infective endocarditis (IE) is a serious acute infectious disease 62 

involving colonization of the cardiac valves, endocardium or prosthetic material in the heart. The 63 

S. aureus IE incidence is increasing and has a reported mortality of 40% (1-year mortality), 64 

which has not changed during the last 5 decades [1]. New therapeutic approaches, interventions 65 

and particularly optimization of the initial treatment are required [2].  66 

 67 

S. aureus is a facultative aerobe Gram-positive, versatile and ubiquitous pathogen, which can 68 

infect any tissue in humans. S. aureus causing endovascular infections are generally highly 69 

virulent and triggers a prompt inflammatory host response. To optimize treatment, expanded 70 

knowledge of the bacterial-host interplay in IE is needed. This complex interplay activates 71 

cascades of consecutive processes recruiting host defence cells and the release of multiple 72 

inflammatory cytokines. The pathogenesis of the host and pathogen interactions has been 73 

intensively studied for decades, mainly focusing on the pathogen virulence factors [3,4], and with 74 

less attention on influences of the host response in relation to infection and treatment response. 75 

 76 

The crucial key point in treating S. aureus IE, like any other severe infectious disease, is early 77 

[5,6] and sufficient high dose antibiotic combination therapy [7] to retain infection control and 78 

minimize complications. Unfortunately, diagnostic delay and inadequate antibiotic treatment, 79 

especially in the initial phase of the IE course are seen in a considerable fraction of the patients. 80 

A serious infection like S. aureus IE involving endothelium damage, bacteraemia and septic 81 

dissemination to vital organs triggers an exaggerated host response activating platelets and 82 

immune cells to the site of inflammation, which may lead to additional tissue and organ damage 83 

[8].  84 
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Polymorphonuclear leukocytes (PMNs) are first line of defence against S. aureus [9]. Increased 85 

tissue oxygen consumption is a major component of the response in severe sepsis [10], 86 

osteomyelitis [11]  infected wounds [12], biofilm infections [13]  and is expected to be like-wise 87 

for left-sided native S. aureus IE. Although, PMNs are primarily dependent on glycolysis rather 88 

than oxidative metabolism for ATP generation, they need O2 supply to maintain the NADPH 89 

oxidase-driven respiratory burst, which generates reactive oxygen species (ROS) required for 90 

killing pathogens. Several studies have shown that infected sites are severely depleted of oxygen 91 

and hypoxia has been shown to inhibit the ability of PMNs to kill S. aureus [14,15].  92 

 93 

Accumulating evidence has shown that several bactericidal antibiotics like beta-lactams, 94 

fluoroquinolones and aminoglycosides partly depends on bacterial aerobic respiration in addition 95 

to their target-specific killing mechanisms [16,17]. Therefore, the efficacy of these antibiotics is 96 

to some extent dependent on the availability of O2 and the metabolic status of the bacteria 97 

[17,18]. The purpose of hyperbaric oxygen treatment (HBOT) as adjunctive therapy is to 98 

stimulate the aerobic respiration of pathogens and to reoxygenate the infected and O2-depleted 99 

tissue and hereby increasing the pathogens susceptibility. Additionally, HBOT may increase the 100 

capacity of PMNs respiratory burst against S. aureus as well as impairing exotoxin production, 101 

the latter being O2 sensitive and can be inhibited at tissue partial pressures achievable with HBOT 102 

[11,19] . 103 

 104 

Therefore, we hypothesized that HBOT may augment the efficacy of tobramycin treatment in S. 105 

aureus experimental IE, especially in the early course of IE. HBOT as adjunctive therapy in the 106 

early course of IE may be of beneficial value by some of above mentioned reasons. HBOT has 107 

already proven beneficial in a variety of infectious diseases [20] mostly in deep-seated and 108 
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recalcitrant infections like necrotizing fasciitis [21], osteomyelitis [22] and chronic wounds [23]. 109 

Investigations of adjunctive HBOT in IE are sparse [24]. In a recent study [25], we showed poor 110 

efficacy of functional monotherapy with tobramycin (aminoglycoside) in S. aureus experimental 111 

IE. The clinical consideration behind this study is that a substantial fraction of patients with 112 

methicillin susceptible S. aureus (MSSA) as well as methicillin resistant S. aureus (MRSA) IE 113 

may be treated insufficient (functional monotherapy or single agent therapy) in the early phase of 114 

the disease.  115 

The objective of the study was to evaluate the potential effects of HBOT in S. aureus IE, why we 116 

intentionally used at suboptimal antibiotic treatment to be able to measure any potential effects of 117 

adjunctive HBOT in our experimental S. aureus IE model.  118 

 119 

MATERIAL AND METHODS 120 

S. aureus strain 121 

A penicillin- and methicillin-susceptible S. aureus (MSSA) strain (NCTC 8325-4) was used in 122 

the present study. Inoculum was made from an overnight culture of S. aureus at 37°C, 123 

resuspended in fresh Luria-Bertani (LB) media and grown to logarithmic phase (OD 0.5, λ 600 124 

nm), centrifuged at 5000 rpm at 5° C and washed in saline (0.9 %) and diluted to the desired 125 

inoculum size of 0.5x10
7 
CFU, as described previously [25].  126 

 127 

Experimental endocarditis in rats 128 

All experiments were approved by The National Authority (License no. 2013-15-2934-00952) 129 

and the rats were maintained and handled in accordance with guidelines for animal research. 130 

High-grade aortic valve IE was produced in rats as described previously [25]. In brief, male 131 

Wistar rats (225-250 g of body weight) were anesthetized with a mixture of hypnorm (fentanyl, 132 
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0.315 mg/ml; fluanisone, 10 mg/ml), sterile water and midazolam (5 mg/ml) in 1:2:1 dilution. 133 

The tip of a sterile polyethylene catheter (Portex Ltd., Hythe, Kent, UK) was surgically placed at 134 

the aortic valve in the left ventricle of each animal via the right carotid artery and verified by 135 

pulsation. Catheters were kept in-situ for 24 hours in order to damage the valve and then 136 

surgically removed in general anaesthesia as outlined above. Subsequently, rats were injected 137 

with an intravenously bacterial suspension of 0.5x10
7
 CFU inducing left-sided high-grade aortic 138 

valve IE.  139 

 140 

Study design 141 

Effect of HBOT has been shown to be dose-dependent [10,26]. In extensive pilot studies, we 142 

have found that HBOT given once a day in combination with tobramycin is insufficient to reduce 143 

bacterial load significantly in some rats in our high-grade IE model (data not shown). For this 144 

reason, we intensified the HBOT to twice a day (b.i.d.). Infected rats were randomized into two 145 

groups, one group receiving HBOT (b.i.d. for 90 minutes with 8 hours interval) in combination 146 

with tobramycin (n=13) and another group receiving tobramycin under normobaric oxygen 147 

breathing (non-HBOT, n=17). Six catheter inflicted non-infected sham control rats were included 148 

- three receiving HBOT and three kept at normobaric conditions. A arm of untreated rats was not 149 

included in this study, but has been performed in previous work [25]. All animals were evaluated 150 

at 4 days post infection (DPI) (Fig. 1). 151 

 152 

Tobramycin treatment in the experimental model of endocarditis 153 

Rats were treated with tobramycin (Nebcina®, Eurocept International)  20 mg/kg/day 154 

subcutaneously (s.c.) initiated 1 DPI, as described [25]. 155 

 156 
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Hyperbaric oxygen treatment (HBOT)  157 

After IE induction, the rats were treated HBO twice a day (b.i.d.) with 8 hours interval and 158 

received a pressure of 280 kPa (2.8 bar) at room temperature in a hyperbaric oxygen chamber 159 

(OXYCOM 250 ARC; Hypcom Oy, Tampere, Finland). At 280 kPa, no air-breaks were applied 160 

and rats breathed 100% oxygen throughout. Rats received a total of 6 series HBOT. The HBOT 161 

profile consisted of a 12 minute pressurization and depressurization before and after the 90 162 

minutes of treatment at 280 kPa. Rats breathed 100% oxygen during pressurization and 163 

depressurization given a total of 114 minutes of oxygen breathing. The first HBOT was initiated 164 

24 hours (1 DPI) after induction of IE.  165 

 166 

 167 

Clinical status of rats 168 

Clinical scores of the appearance of the rats were: 0, no clinical signs; 1, slightly ruffled fur, but 169 

clinically unaffected; 2, ruffled fur and signs of sepsis, clinically affected; 3, lethargy, signs of 170 

severe sepsis and neurological deficits; 4, severe neurological deficits and moribund. 171 

 172 

Photoplanimetric evaluation 173 

All rats were autopsied immediately after lethal i.p. injection of pentobarbital/lidocaine (200 174 

mg/ml and 20mg/ml) and hearts were aseptically dissected for photographic imaging of the aortic 175 

valves (Sony Cyber-shot DSC-RX100). Valve vegetations size (mm
2
) was measured by digital 176 

photoplanimetric evaluation (ImageJ, vers. 1.49m) by a pathologist blinded to treatment 177 

regimens.     178 

 179 

Measurement of serum and tissue cytokines 180 
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Expression of interleukin (IL)-1b, IL-6, keratinocyte-derived chemokine (KC - rat analogue to 181 

human IL-8), G-CSF, IFN-γ, TNF-α, IL-10, IL-17, and vascular endothelial growth factor 182 

(VEGF), was measured in supernatants from serum and tissue homogenates harvested at time of 183 

evaluation (4 DPI) and stored at -80° C until analysis. For multiplex analysis we used the rat 184 

cytokine assay (Bio-Rad, Hercules, CA, USA) on the LUMINEX® 200™ platform (Luminex 185 

Corporation, Austin, TX, USA), according to the manufacturer’s instructions. 186 

 187 

Statistical analysis 188 

Statistical calculations were performed using GraphPad Prism (version 7.2, GraphPad Software, 189 

Inc., San Diego, USA). Quantitative bacteriology measurements were verified by D'Agostino & 190 

Pearson omnibus normality test for parametric data and compared by two-tailed parametric T-test 191 

for two-group comparison. Cytokine measurements were compared by two-tailed nonparametric 192 

Mann–Whitney U-test for two-group comparison. P ≤ 0.05 was considered significant. Bacterial 193 

tissue densities were calculated as log10 CFU/g or organ ± mean standard deviation.  194 

 195 

 196 

RESULTS 197 

Clinical evaluation 198 

Rats were clinically scored (scale, 0-4) at 4 DPI before being sacrificed. The HBOT group had 199 

significantly improved clinical status as assessed by the clinical score (p <0.0001). The non-200 

HBOT group was more septic and some rats showed obvious signs of neurologic deficits 201 

indicating cerebral affection.  202 

 203 

Hyperbaric oxygen treatment (HBOT) in S. aureus IE  204 
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Adjunctive HBOT (n=13) significantly reduced bacterial load in the aortic valves compared to 205 

non-HBOT group (n=17) (5.2 ± 2.68 vs. 7.01 ± 1.73 log10 CFU/g) (p = 0.04). A corresponding 206 

reductions was seen for the myocardium (3.36 ± 2.09 vs. 5.29 ± 1.58 log10 CFU/g) (p <0.001) 207 

and in the spleen (1.79 ± 1.22 vs. 3.38 ± 1.80 log10 CFU/spleen) (p = 0.01) (Fig. 2). No rats died 208 

during the treatment period in either group. In the HBOT group 3/13 (23%) was blood culture 209 

positive at 4 DPI as compared to 9/17 (52%) in the non-HBOT (p = 0.10). No adverse effects of 210 

were seen in rats treated with HBO. All catheter inflicted sham controls had sterile tissue cultures 211 

(n=6).  212 

 213 

Another important observation was the occurrence of small-colony variants (SCV) in both 214 

treatments groups. The characteristic of SCV were reduced size of a one CFU compared to wild-215 

type CFU size, pigment loss and they preserved catalase activity as the wild-type. Subanalysis 216 

revealed that 7/13 (53%) rats in the HBOT group and 3/17 (18%) in the non-HBOT group had 217 

SCV in the valve vegetations. The susceptibility for SCV found in both groups showed a 50-fold 218 

increase of MIC for tobramycin and gentamicin from the wild-type (0.125 to 6 µl/ml). The SCVs 219 

continued to be susceptible as the wild-type to methicillin, penicillin, vancomycin, rifampicin, 220 

clindamycin, linezolid and fucidic acid.   221 

 222 

Valve vegetation evaluation  223 

To investigate the severity of the primary site of infection we used photoplanimetric evaluation 224 

and weight measurement of the dissected valves. The weight (mg) of valves including 225 

vegetations was reduced in the HBOT group as compared to the non-HBOT group (0.085 ± 0.045 226 

vs. 0.165 ± 0.073, respectively) (p < 0.001). Similar observations were obtained by 227 
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photoplanimetric evaluation of the macroscopic valve vegetation size (mm
2
) (2.05 ± 1.1 vs. 3.73 228 

± 1.77, respectively) (p < 0.001) (Fig. 3b and 3c).  229 

 230 

Cytokine measurement in tissue homogenates and serum 231 

Valves. Pro-inflammatory cytokines expression in the aortic valve vegetations are shown in Fig. 232 

4. The pro-inflammatory cytokines IL-1b, IL-6 and KC are indicators for disease progression and 233 

they were all significantly reduced in the HBOT compared to non-HBOT group (p = 0.04, p = 234 

0.005 and p = 0.005, respectively). Vascular endothelial growth factor (VEGF) is produced by 235 

and also stimulates macrophages, monocytes and endothelial cells, pivotal in regulating the host 236 

inflammatory response in sepsis. VEGF has pro-coagulant activity and is expressed in high 237 

concentrations in platelets intracellularly. We found that the level of VEGF was significantly 238 

reduced in valve vegetations in the HBOT compared to non-HBOT (p = 0.002), indicating a 239 

decrease of platelets aggregation in the valve vegetation. We found no significant differences in 240 

the expression of G-CSF, IFN- γ, TNF-α, IL-17 or IL-10 in valves between the two groups (data 241 

not shown). To investigate the pro- and anti-inflammatory effects of HBOT we compared the 242 

ratio between KC/IL-10 (pro-/anti-inflammatory) and VEGF/IL-10 (pro-/anti-inflammatory). The 243 

HBOT group showed a significantly lower ratio score compared to non-HBOT group (mean 0.45 244 

vs. 2.18, p < 0.0002 and mean 0.09 vs. 0.21, p < 0.0003, respectively) (Fig. 4).  245 

 246 

Myocardium.  IL-10 increased significantly in the HBOT as compared to the non-HBOT group 247 

(924 ± 375 vs. 717.2 ± 269 pg/ml) (p = 0.04) indicating anti-inflammatory response in the 248 

myocardium. No other significant differences in cytokines levels were seen between the two 249 

groups. The KC/IL-10 ratio was significantly reduced in the HBOT group (0.27 ± 0.17 vs. 0.79 ± 250 

0.86) (p = 0.02) (Fig. 4).  251 
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 252 

Serum. The pro-inflammatory markers IL-1b, IL-6, IL-10 and KC (a murine IL-8 253 

homologue[25]) were highly elevated compared to healthy controls. All measured cytokines 254 

showed no significance difference between the HBOT and non-HBOT group (data not shown). 255 

 256 

 257 

DISCUSSION 258 

 259 

The present study revealed that adjunctive HBOT (b.i.d) significantly reduced the bacterial load 260 

in the valves, myocardium and reduced the vegetation size by augmented efficacy of tobramycin. 261 

Additionally, the inflammatory host response was reduced and the rats’ clinical condition was 262 

significantly improved in the HBOT group compared to non-HBOT group. 263 

 264 

A few studies have shown that HBOT is dose-dependent [10,26]. Our experience was similar in 265 

our high-grade S. aureus IE model. In extensive pilot studies, using HBOT once daily in 266 

combination with tobramycin was not sufficient to cause a significant reduction of the bacterial 267 

load in valves for all rats. However, rats with a low-grade IE responded already 3 DPI, by means 268 

of quantitative valve bacteriology, whereas this effect was not observed until 4 DPI in a subgroup 269 

of rats with a high-grade IE. In account of tobramycin monotherapy insufficiency in high-grade 270 

IE this observation is not unexpected. Based on these results, we intensified the HBOT to twice a 271 

day (b.i.d.) and demonstrated a marked effect resulting in significant reductions of the bacterial 272 

load in valves, myocardium and spleen. A solid indication of adjunctive HBOT augments 273 

tobramycin activity in our high-grade S. aureus IE model. To verify that HBOT could augment 274 

tobramycin activity without host cells, we developed an in vitro S. aureus biofilm model (see 275 
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supplemental material). By direct exposure of the bacteria in microplates with one single HBOT 276 

for 90 minutes at 280 kPa, we could demonstrate increased bacterial susceptibility of S. aureus in 277 

anoxic biofilm exposed to different tobramycin concentrations.  278 

 279 

We suggest that HBOT stimulates aerobic respiration leading to increased drug uptake resulting 280 

in antibiotic-induced formation of bactericidal amounts of hydroxyl radicals [16]. Although this 281 

classic pathway of killing bacteria has been questioned [27] our observations are in accordance 282 

with Collins et al.[28]. One possible explanation for this apparent contradiction could be the 283 

pathogen specific tolerance against hydroxyl radicals [29,30]. The confirmation of pathogen and 284 

antibiotic specific significance of hydroxyl radicals needs further studies.  285 

There was a remarkably difference in the clinical score between the two groups, although some 286 

rats in the HBOT group had comparable high bacterial load. Rats exposed to HBOT were in 287 

significantly better clinical condition compared to non-HBOT animals. Whether this was due to 288 

an immune modulated effect within the host or shift in virulence and toxin production in S. 289 

aureus, or a combination, is not fully known. However, in septic hypodynamic rats the addition 290 

of HBO may also improve tissue microcirculation by inhibition of neutrophil β2 integrin adhesion 291 

without compromising neutrophil antibacterial functions [31]. Furthermore, several studies have 292 

shown that HBO attenuates pro-inflammatory cytokine production and reduce sepsis mortality in 293 

in vivo animal models of systemic inflammation, in accordance with our observations [26,32,33].  294 

 295 

Subpopulation of aminoglycoside-resistant SCVs has been shown previously in various animal 296 

models treated with aminoglycosides alone [34]. SCVs and persister cells has garnered increasing 297 

attention in recent years due to the awareness to persisting and relapsing infections [35].  298 
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S. aureus is well known for its adaptation to oxidative stress, where catalase ability in S. aureus is 299 

a key virulence factor. Hydrogen peroxide (H2O2) and most antibiotics can induce the generation 300 

of SCVs and H2O2 can select for SCV phenotype with increased stability and frequency, reducing 301 

the rate of reversion to wild-type. Gentamicin-resistant SCVs has also been shown to display a 302 

greater catalase activity than wild-type [36]. Taking these in vitro observations in consideration, 303 

the increased frequency of SCVs in HBOT is logical. HBOT increases the intensity of the 304 

respiratory burst by the PMNs [11,37], which may lead to increased oxidative pressure of S. 305 

aureus in vivo, making the wild-type alteration into SCVs, changing its metabolism (oxygen 306 

independent). Furthermore, the increased oxidative stress may in part result from treatment with 307 

aminoglycoside [30].  308 

 309 

The inability of HBOT to increase the frequency of SVCs during tobramycin treatment of the in 310 

vitro biofilm may be due to the relatively short exposure time (90 minutes). However, it also 311 

indicates, that the host’s own defence mechanisms are able to induce SVCs in vivo under 312 

exposure of HBOT in combination with aminoglycoside.  We observed cross-resistance for the 313 

tobramycin and gentamicin with a 50-fold increase, but not for other antibiotics. Unfortunately, 314 

we were not able to quantify the frequency in different tissue compartments between wild-type 315 

and SCV due to the ability of SCV to revert back to wild-type when not exposed to oxidative 316 

stress during the incubation period.  317 

 318 

If adjuvant HBOT is to be used we suggest combination with two different targeting antibiotics. 319 

Optimally, one of them should be an antibiotic with intracellularly activity and independently of 320 

bacterial aerobic respiration, due to SCVs ability to survive intracellularly in host cells and 321 

change its metabolism. SCVs can be prevented by combination therapy [38], but further studies 322 
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needs to clarify if combination or single agent therapy  is the most beneficial treatment of S. 323 

aureus left-sided IE in terms of outcome and prevention of recurrent infection.   324 

 325 

 326 

S. aureus IE can be characterized as an acutely devolving biofilm infection, where the 327 

aggregation of platelets play a pivotal role in the progression and development of IE [39,40].   328 

VEGF has been shown to be a key player for inflammatory cytokine production in murine sepsis 329 

[41]. We measured VEGF in the valve vegetations and found it to be significantly decreased in 330 

HBOT treated rats compared to non-HBOT. VEGF is highly expressed in platelets, thus 331 

indicating that adjuvant HBOT was able to reduce the inflammation and aggregation of platelets 332 

in the valves. Hence, indicating VEGF as an important inflammatory mediator in S. aureus IE. 333 

This was also observed by the reduced weight and size of vegetations in the HBOT group. 334 

Another explanation could be that VEGF is tightly regulated by hypoxia-inducible factor (HIF)-335 

1α and HBOT might also modulate the expression of VEGF in platelets and endothelial cells 336 

decreasing the activation of the cells [42]. In some models, HBOT have been demonstrated to 337 

ameliorate post ischemic injuries by downregulation of HIF-1α expression [19]. Lastly, the 338 

reduced VEGF could be due to a more efficient treatment response reducing the bacterial load, 339 

inflammation and diminishing the aggregation of additional platelets [43]. 340 

 341 

As shown in a previous study, the progression of S. aureus IE correlated to the pro-inflammatory 342 

cytokines IL-1b, IL-6, KC measured in valve tissue, which therefore provides a potential 343 

indicator for treatment response [25]. Adjunctive HBOT reduced these markers significantly in 344 

valve tissue correlating to the enhanced efficacy of tobramycin. However, no differences in levels 345 
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of serum cytokines were seen, making it difficult to use systemic cytokine biomarkers for 346 

diagnosis, treatment efficacy and prognosis in the early stage of IE.  347 

 348 

Anti-inflammatory marker IL-10 inversely correlated with the bacterial load. In our model, 349 

adjunctive HBOT induced an anti-inflammatory response by means of increased IL-10 350 

expression in valve tissue. This observation is in accordance with other studies showing dose-351 

dependent effect of HBOT and protection from sepsis mortality via an IL-10 dependent 352 

mechanism [26]. Macrophages are a major source of IL-10 during infection and important 353 

contributor for resolution of infection [44]. Several in vitro studies have shown HBOT affects 354 

these cell lines by transiently suppressing stimulus-induced pro-inflammatory cytokine 355 

production and enhance PMNs apoptosis and clearance by the macrophages, which is essential 356 

for tissue healing. These mechanisms are extremely important in a systemic infection like S. 357 

aureus IE, where large numbers of PMNs migrate to site of infection and contributing to severe 358 

oxygen depletion affecting bacterial growth, antimicrobial activity and PMN function [14][15].  359 

 360 

Our study shows the delicate regulation of the immune response in relation to the severity of 361 

infection and the dynamic changes of expression of pro- and anti-inflammatory markers in 362 

response to adjuvant HBOT.  363 

Further studies evaluating adjunctive HBOT together with penicillin or β-lactam antibiotics alone 364 

or in combination with other effective anti-staphylococci agents are of high importance in a 365 

clinical perspective. 366 

In conclusion, we have shown beneficial effect of adjunctive HBOT in combination with 367 

tobramycin by reduced bacterial load in S. aureus IE paralleled by an increased anti-368 
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inflammatory host response. Therefore, the present proof of concept suggests adjuvant HBOT in 369 

handling of S. aureus IE.  370 
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Figure 1. Schematic timeline representation experimental rat model of high-grade S. aureus IE 528 

receiving adjunctive HBOT with 100% O2 at 280 kPa (2.8 bar) for 90 minutes in combination 529 

with Tobramycin (20mg/kg/day, s.c.) performed in current study.  530 

Abbreviations: S. aureus, Staphylococcus aureus, IE, infective endocarditis,  531 

HBOT, hyperbaric oxygen treatment; non-HBOT, normobaric air breathing, DPI, days post 532 

infection, h, hours. †, sacrificed. 533 

 534 

Figure 2. Quantitative bacteriology of homogenized valves (a), myocardium (b), and spleen (c) 535 

at 4 days post infection (DPI). All rats were treated with tobramycin 20mg/kg/day 536 

subcutaneously. Two groups was compared, one group receiving adjunctive hyperbaric oxygen 537 

treatment (HBOT) (+) for 90 minutes twice a day (b.i.d.) the other receiving normobaric air 538 

breathing (non-HBOT) (-). The bacterial load after 4 DPI was significantly reduced in HBOT (+) 539 

compared to non-HBOT (-). *p < 0.05 and **p < 0.01.  540 

 541 

Figure 3. Clinical score (a), and relative valve vegetation weight (b) and valve vegetations size 542 

(c) in animals 4 days post infection (DPI) . All rats were treated with tobramycin 20mg/kg/day 543 

subcutaneously. The clinical symptom score was significantly reduced in the hyperbaric oxygen 544 

treatment (HBOT) group (+) compared to non-HBOT (-) (**p < 0.0003) Both the relative valve 545 

vegetation weight and valve vegetations size (mm
2
) measured by digital photoplanimetric 546 

evaluation (ImageJ, vers. 1.49m) were significant reduced in the HBOT group compared to the 547 

non-HBOT group (*p < 0.001). Pooled data was obtained from tree independent experiments. 548 

Error bars are means ± SD. 549 

  550 
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Figure 4. The expression of pro-inflammatory cytokines in the aortic valve vegetations, 551 

correlated to disease progression are shown (a, b, c, d) in adjunctive hyperbaric oxygen treatment 552 

(+) compared to normobaric conditions (-), all treated animals received tobramycin 553 

(20mg/kg/day) with exception of sham controls. Catheter inflicted sham controls (non-infected) 554 

receiving ± HBOT. *p < 0.05, **p < 0.01, ***p < 0.001.  IL, Interleukin, KC, keratinocyte-555 

derived chemokine. VEGF, vascular endothelial growth factor. Pooled data was obtained from 556 

three independent experiments. Data represented by box plot with mean ± SD including min to 557 

max. 558 

 559 

Figure 5. Expression of pro-inflammatory cytokine KC and VEGF and anti-inflammatory 560 

cytokine IL-10 ratio in aortic valves (a, b). The expression of anti-inflammatory marker IL-10 561 

and the pro-inflammatory marker KC (IL-8)/IL-10 ratio in the myocardium (c, d). *p < 0.05, **p 562 

< 0.01, ***p < 0.001. IL, Interleukin, KC, keratinocyte-derived chemokine. VEGF, vascular 563 

endothelial growth factor. Pooled data was obtained from three independent experiments. Data 564 

represented by box plot with mean ± SD including min to max. 565 
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