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Abstract
Background—Cutaneous thermal injuries (i.e. burns) remain a common form of debilitating
trauma and outcomes are often worsened by wound infection with environmental bacteria, chiefly
Pseudomonas aeruginosa.

Materials and Methods—We tested the effects of early administration of a single dose of
azithromycin, with or without subsequent anti-pseudomonal antibiotics, in a mouse model of
standardized thermal injury infected with P. aeruginosa on both wound site and systemic infection.
We also tested the antimicrobial effects of these antibiotics alone or combined in comparative
biofilm and planktonic cultures in vitro.

Results—In our model, early azithromycin administration significantly reduced wound and
systemic infection without altering wound site or circulating neutrophil activity. The antimicrobial
effect of azithromycin was additive with ciprofloxacin but significantly reduced the antimicrobial
effect of tobramycin. This pattern was reproduced in biofilm cultures and not observed in
planktonic cultures of P. aeruginosa.

Conclusion—these data suggest that early administration of azithromycin following burn-related
trauma and infection may reduce P. aeruginosa infection and potential interactions with other
antibiotics should be considered when designing future studies.
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Introduction
Cutaneous thermal injury (i.e. skin burn) is one of the most common and debilitating forms
of trauma. Each year there are over 1.3 million fires in the United States, and approximately
45,000 of these involve human injury severe enough to require hospitalization1. Burns
continue to be a common cause of combat related trauma and often the majority of those
injured are civilian rather than military personnel2. Though burn trauma critical care and
outcomes have improved, there are still greater than 3,000 deaths annually1. After reaching
the hospital, outcomes are often worsened by an acquired state of immunosuppression
complicated by opportunistic infection. In patients with >40% of total body surface area
(TBSA) burn, 75% of deaths are now secondary to infectious complication (e.g. pneumonia,
sepsis) or inhalation injury rather than shock.3–6 Infection is an even greater cause of death
from burn trauma in military personnel than in the general population7. This disparity may
be related to challenges with rapid access to advanced medical care.

Despite aggressive local and systemic treatment to minimize infection, severe burn wounds
continue to become infected with environmental and nosocomial pathogens at relatively
high rates. Among these, Pseudomonas aeruginosa is paramount, accounting for over half of
all severe burn infections8. This gram negative bacteria is well adapted to the environment,
utilizing biofilm colony growth which provides a tremendous survival advantage for the
pathogen and effectively prevents eradication by the host immune system or antimicrobial
drug treatment. A recent review of burn trauma patients that acquired secondary infection
with P. aeruginosa reported that mortality was approximately four fold greater than those
without P. aeruginosa, with an average of 23 ventilator assisted days in P. aeruginosa
infected patients9. Historically, mortality in burn patients with P. aeruginosa bacteremia has
been as high as 77% over a 25 year period10. In light of such high incidence of pulmonary
infection and morbidity in severe burn related trauma, interventions capable of limiting
systemic spread to the lung may be useful adjuncts to current therapy.

Excessive neutrophil accumulation, combined with impaired clearance of the dead and
dying leukocytes, has been shown to worsen tissue damage at injured sites. Recent studies
also find that neutrophil products can accelerate P. aeruginosa biofilm formation, a key
feature of infected burn wounds11–13. As neutrophils undergo necrosis, long strands of DNA
and F-actin are released into the inflammatory milieu and polymerize through covalent
attraction. P. aeruginosa can exploit the neutrophil-rich environment by utilizing these
polymers as scaffolding, significantly enhancing early biofilm development11–13. Therefore,
early and excessive neutrophil recruitment to the site of injury may by a therapeutic target
when trying to minimize wound infection.

The pathological confluence of altered immune function, neutrophilic inflammation, and
biofilm-enhanced P. aeruginosa infection present in thermal injury is also central to airway
diseases such as cystic fibrosis (CF) and diffuse panbronchiolitis. In these chronic
pulmonary conditions, macrolide therapy can effectively reduce neutrophilic inflammation
and improve longterm outcomes14–17. The mechanism by which this occurs is multifactorial
and not completely understood, as numerous antimicrobial and anti-inflammatory or
immunomodulatory properties have been reported for azithromycin therapy16,18–21. Given
the apparent efficacy of macrolide therapy in CF and other diseases, we hypothesized that
azithromycin would reduce P. aeruginosa infection and systemic spread when administered
early in a model of cutaneous burn with P. aeruginosa wound inoculation. Our data support
this hypothesis. We also sought to test the impact of early azithromycin administration on
more conventional anti-pseudomonal antibiotics including ciprofloxacin and tobramycin.
Our data indicate that this macrolide may inhibit the antimicrobial effect of tobramycin
against P. aeruginosa, particularly in a biofilm growth state.
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Materials and Methods
Animals

Eight-week-old sex matched C57BL/6J mice ranging in weight from 17g–25g were obtained
from Jackson Laboratories (Bar Harbor, ME). Animal care and use were in accordance with
the Institutional Animal Care and Use Committee (IACUC) and with the permission of
National Jewish Health. Animals were housed in microisolator cages within a clean,
pathogen-free animal facility and fed irradiated chow to minimize the risk of bacterial
contamination. All animals undergoing thermal injury were anesthetized with a single
intraperitoneal (i.p.) injection of 0.1 mL of 0.1% Xylazine – 1% Ketamine solution. Three
days before injury, hair was removed over the dorsum using an electric shaver and
depilation cream (Surgi-Cream; Church & Dwight co., Inc.) to expose the skin surface as
described22.

Thermal injuries
A ten percent total body surface area (TBSA), partial-thickness, third-degree burn was made
on the exposed skin of anesthetized mice as previously described22–24. Our modified
technique employed a uniform thermal injury by exposing the depilated area for 5 seconds
to a round brass probe (diameter: 28 mm) heated to thermal equilibration with boiling tap
water23. Sterile saline (2 mL i.p.) was administered to support fluid balance during recovery.
Mice were then placed under a warming light and supervised until full recovery. Control
mice were shaved but no thermal injury was performed.

Infectious Challenge
A derivative of P. aeruginosa strain PAO1 was obtained from the Pseudomonas Genetic
Stock Center (East Carolina University). Bacteria was grown overnight in 2% heat-
inactivated platelet poor pooled human plasma (HIPP) RPMI liquid media at 37 C with
shaking and adjusted to an optical density at 600 nm (OD600) of 0.30 (corresponding to
5×108 cfu/ml) before dilution. Viable bacterial counts were performed by serial dilutions
and plating on solid P. aeruginosa selective media to determine the exact stock titer on the
day of each experiment. Before the bacterial challenge, the depilated skin surface of all the
anesthetized mice was abraided with an 18G needle to promote infection after bacterial
inoculation. Control mice without thermal injury received the same abrasion injury. Two
hours following thermal injury, P. aeruginosa suspension (100 μL) containing 1×106 cfu in
pre-sterilized saline was placed on the wound site and remained in place while the mice
recovered from anesthesia. Body weights were recorded at the time of injury and daily
thereafter.

Antibiotic treatments
The timing of antibiotic administration was designed to test the effect of an intervention that
could be easily administered outside of a medical setting and conventional antibiotics
commonly provided in an advanced medical care setting. Antibiotics were obtained from the
National Jewish Health pharmacy (Denver, CO) and prepared in sterile saline. Azithromycin
was administered as a single dose (20mg/kg i.p.) injection 6 hours following thermal injury
(4 hours following inoculation with P. aeruginosa). Tobramycin was administered beginning
24 hours after thermal injury and once daily (10 mg/kg/dose i.p.) for a total of 3 doses.
Ciprofloxacin was administered beginning 24 hours after thermal injury and twice daily at
20 mg/kg/dose i.p. through 72 hours. Equal volume of sterile saline was administered i.p. as
a control intervention for mice not receiving antibiotics at each time point.
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Tissue Collection
Mice were euthanized 72 hours after the thermal injury using CO2 exposure per IACUC
approved methods. After confirming death, skin from the injured region, lungs and spleen
were collected and tissue surface was decontaminated with 95% ethanol. Blood samples
were obtained from the retro-orbital plexus of mice for quantification of circulating
leukocytes by H/E staining on glass slides.

Viable bacterial counts
Using a sterilized 5mm biopsy punch (Miltex, Inc., York, PA), 2 skin samples from each
euthanized animal were obtained and suspended in 1mL of sterile PBS containing 0.01%
Triton X-100. Skin specimens were incubated for 1hr at 37°C with rotat ion. Lungs and
spleen were collected and separately suspended in 1mL of sterile PBS. All tissue samples
(skin, lung and spleen) were homogenized with a blend of stainless steel beads ranging from
0.9–2.0 mm in a Bullet Blender tissue homogenizer (Next Advance, Inc., Averill Park, NY)
per manufacturer instructions. Homogenates were diluted with sterile saline and serially
plated on pseudomonas isolation agar (PIA) plates (Becton, Dickinson and Company,
Franklin Lakes, NJ). Plates were incubated overnight at 37°C and P. aeruginosa colonies
were counted.

Myeloperoxidase (MPO) assay
MPO assay was performed on skin samples to measure neutrophil accumulation at the
wound site. Briefly, 2 biopsies were obtained as above, weighed, transferred to
microcentrifuge tubes and flash frozen in liquid nitrogen. The tissue was suspended in
HTAB buffer (0.5% w/v) (Sigma-Aldrich, St. Louis, MO) and pulverized in a tissue grinder
(Kimble Chase, Vineland, NJ). Samples were centrifuged at max speed for 15min at 4C. The
resultant supernatant was assayed for MPO activity using a spectrophotometric reaction with
O-dianisidine hydrochloride (Sigma-Aldrich, St. Louis, MO) at 460 nm25.

In vitro flow-cell biofilm culture
A second derivative of P. aeruginosa strain PAO1 was obtained from M. Vasil (University
of Colorado Health Sciences Center). This strain was transformed with plasmid pMF230 to
express GFP (M. Franklin, Center for Biofilm Engineering at Montana State University,
Bozeman, MT), and was grown in modified SCFM medium26 with one-tenth the
concentration of amino acids (0.1× SCFM). Stock solutions of azithromycin (APP
Pharmaceuticals, Schaumburg, IL) and tobramycin (X-GEN Pharmaceuticals, Inc.,
Northport, NY) were prepared in sterile water, aliquoted, and stored at −80°C. Ciprofloxacin
solution (Hospira, Inc., Lake Forest, IL) was aliquoted and stored at −80°C. Drug aliquots
were diluted in 0.1× SCFM prior to use.

Biofilms of PAO1 pMF230 were grown in three-channel flow cells with individual channels
1 × 4 × 40 mm (Technical University of Denmark, Lyngby). Each flow cell was covered
with a glass coverslip (50 ×24 mm; Fisher Scientific, Pittsburgh, PA). The flow cell system
was prepared and assembled as described27. The system was flushed with 0.1× SCFM at
37°C for 2 h prior to inoculation. An overnight culture of PAO1 pMF230 was grown at
37°C with aeration, diluted to an OD600 of 0.05, and 250 μL injected into each flow cell
channel. To allow attachment of bacteria to the substratum, flow cells were incubated
without flow at 37°C for 1 h. After resumption of flow (0.1× SCFM), biofilms were grown
at 37°C for 64 h, then exposed to the same medium containing azithromycin (20 μg/mL),
tobramycin (40 μg/mL), or ciprofloxacin (4 μg/mL), alone or in combination, for an
additional 22 h. Propidium iodide (15 μM) was also added to the medium to stain dead cells.
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Biofilms were imaged on an LSM 700 confocal scanning laser microscope (CSLM) with a
Plan-Neofluor 40× / 0.75 objective (Carl Zeiss, Jena, Germany). Solid-state diode lasers
(488 nm and 555 nm) and appropriate filter sets were used for excitation and detection of
GFP and propidium iodide. Image stacks were acquired at three random positions in the
center region of each flow cell lane at a distance of 5–10 mm from the inlet with z-stack
intervals of 1.5 μm28. COMSTAT image analysis software was used to quantify live and
dead biomass volume29. The change in mean % decrease in live biomass volume provided
an estimate of the anti-biofilm effects of each drug regimen, and the SD provided an
estimate of the variance of the mean.

In vitro Planktonic Culture in Antibiotics
To test the effect of azithromycin addition to tobramycin or ciprofloxacin in a non-biofilm
growth condition, the same strain of P. aeruginosa used in the biofilm culture experiments
was cultured in 5 mL of Mueller Hinton broth at 37 C with continuous shaking in aerobic
liquid bacterial culture vials for 24 hours. Minimal inhibitory concentration (MIC) break
points were determined by visual inspection over a log-2 scale of antibiotic concentration for
ciprofloxacin and tobramycin separately.

Simultaneous P. aeruginosa cultures were then repeated for 24 hours over a log-2 scale with
each antibiotic with or without the addition of 20 mcg/mL azithromycin to test the effect of
azithromycin in this system. This is the concentration of azithromycin used in the biofilm
flow-cell experiments. The planktonic culture experiments were replicated 3 times to ensure
consistent break point data.

Statistical Analysis
Normative data are represented by mean value +/− standard error of the mean (SEM). Non-
normative data (i.e. CFU data) are represented as mean with 95% confidence intervals (CI).
Kuskal-Wallis test was used for multiple comparisons in nonparametric analysis, non-
matched conditions. Wilcoxon test was used in matched pairs, nonparametric analysis.
Friedman test was used for multiple comparisons in matched, non-parametric, multiple
comparisons. Combination antibiotic testing in vivo used Mann-Whitney unpaired t-testing
and in vitro studies used unpaired T-tests with Welch correction.

Results
In our experimental model of cutaneous thermal injury and wound infection with P.
aeruginosa, we find that both neutrophil recruitment to the injury site and weight loss in the
animals are highly dependent on thermal injury rather than bacterial inoculation (Figure 1).
Host inflammatory response appears to peak at 48 hours after injury. As expected, the
burden of bacterial infection measured 72 hours after wound inoculation was greatest at the
wound site but consistently spread to systemic organs as measured in the lung and spleen
(Figure 1c). Thus, we believe that this experimental design sufficiently models both local
and systemic infection of P. aeruginosa originating from a burn wound and allows us to test
the impact of antibiotics either alone or in combination.

Our first analysis was the impact of a single, physiologically relevant dose of azithromycin
administered intraperitoneally (IP) 2 hours following thermal injury. We found modest yet
significant decreases in wound site and systemic bacterial loads with this intervention alone
(Figure 2). We also observed a non-significant trend toward better weight recovery in
animals treated with azithromycin compared with placebo. We did not detect a change in
wound site or circulating neutrophil concentration in response to azithromycin in our model
(Figure 2c).
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We next compared the effects of monotherapy with azithromycin (single dose at 4 hours),
ciprofloxacin, or tobramycin (each provided from 24 to 72 hours). In our model, there was
no significant effect on weight loss but we observed reduced bacterial load at the wound
site, lung and spleen with each antibiotic compared with normal saline (NS) (Figure 3).
Tobramycin was significantly more effective than azithromycin (P<0.02) but no other
significant differences between antibiotics were seen.

We next tested the effect of early azithromycin administration on the antibacterial properties
of subsequent ciprofloxacin or tobramycin, based on our protocol. We observed that
azithromycin trended toward less bacterial growth at the wound site and lung when
compared with ciprofloxacin alone (Figure 4). The combination of azithromycin and
ciprofloxacin was not statistically superior to ciprofloxacin alone in our model but did result
in the least P. aeruginosa growth of any of the antibiotic regimens tested. Importantly, we
found much greater bacterial density at the wound site and lung in animals treated with
azithromycin and tobramycin when compared with tobramycin alone, suggesting
antagonism of the antibacterial properties of tobramycin against P. aeruginosa (Figure 4).
These data were replicated in repeat experiments with consistent effects in our model.

In an effort to reproduce these data in another model system and test if host responses are
critical to the apparent interactions between antibiotics, we performed in vitro bacterial
culture experiments without host tissue and compared biofilm vs. planktonic growth
conditions. When P. aeruginosa was grown as a biofilm and exposed to antibiotic regimens
tested in vivo, we observed very similar effects. Azithromycin and tobramycin both
significantly reduced biomass, a common outcome measure of biofilm bacterial density
(Figure 5a). Tobramycin was more effective than azithromycin and ciprofloxacin did not
demonstrate antibacterial effects compared with no antibiotic control in this model.
However, when azithromycin was added to ciprofloxacin, this combination was significantly
better than ciprofloxacin alone, though not significantly better than azithromycin alone
(Figure 5b). Consistent with our in vivo experimental data, the addition of azithromycin
significantly reduced the antibacterial effect of tobramycin (Figure 5c). Overall, we
observed that azithromycin improved the antibacterial effect of ciprofloxacin while
inhibiting this effect for tobramycin when tested against P. aeruginosa. Much of the
improvement observed with ciprofloxacin may be due to azithromycin alone, given similar
reduction in biomass observed with azithromycin alone.

To determine if interactions between antibiotics observed in our animal model of burn
wound were likely dependent on a bacterial biofilm growth state, we repeated the in vitro P.
aeruginosa culture experiments using the same strain of bacteria and concentration of
azithromycin under planktonic growth conditions. We observed that azithromycin slightly
improved the antibacterial properties of both ciprofloxacin and tobramycin (Table 1). This
small reduction in MIC is unlikely to be significant but suggests that the ability of
azithromycin to inhibit tobramycin may depend on the growth state of P. aeruginosa.
Appreciating that biofilms are widely recognized as a critical element of burn wound
infection with P. aeruginosa, these data also indirectly support the validity of our animal
model.

Discussion
Cutaneous thermal injury continues to be a major cause of morbidity and mortality. In the
setting of severe burn, wound infections (e.g. P. aeruginosa) and systemic spread are critical
determinants of outcome. Therefore, anti-infective strategies are central to medical care in
the burn setting. The opportunity to intervene early after thermal injury may also be
important, particularly if advanced care may be delayed such as in combat-related trauma.
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In an animal model of skin burn wound similar to that published by other researchers22,24,30,
we find that a single systemic administration of the macrolide antibiotic azithromycin
shortly after thermal injury significantly reduced local and particularly systemic pulmonary
infection with P. aeruginosa. The magnitude of treatment effect was similar to that observed
with ciprofloxacin or tobramycin monotherapy commenced 24 hours after injury and
continued for an additional 48 hours. Azithromycin did not alter local or systemic neutrophil
recruitment in this model. Numerous antimicrobial and immunomodulatory properties have
been reported for azithromycin when used to target P. aeruginosa infection7,8,16,18,19. These
prior investigations have largely been limited to studies of airway infection—commonly
modeling airway diseases such as cystic fibrosis. Though precise mechanisms of action were
not explored in our experiments modeling thermal injury, azithromycin may have conferred
antimicrobial effects against P. aeruginosa rather than immunomodulatory effects in the host
animals. Azithromycin administered shortly after wound inoculation may also have inhibited
bacterial biofilm formation. This effect was not directly tested in our experiments but has
been previously reported19,31,32. Reductions in the burden of bacterial infection were similar
with exposure to azithromycin, ciprofloxacin, or tobramycin alone at the predetermined
times and concentrations tested. Clearly the earlier timing for azithromycin administration
compared with the other more conventional anti-pseudomonal antibiotics may have biased
the data but the study was designed to test the effect of a treatment that could be easily
administered outside of a medical setting.

One of the most interesting observations was the divergent effect of azithromycin when
administered in combination with either ciprofloxacin or tobramycin. Azithromycin
treatment with subsequent ciprofloxacin generally provided greater antibacterial effect, and
was the most successful of any treatment protocol tested in vivo. This was particularly true
when testing systemic spread to the lung. Conversely, administering azithromycin and
subsequent tobramycin resulted in significant loss of antimicrobial effect observed with
tobramycin alone. These animals had P. aeruginosa infection at both the wound site and
systemic organs that were no better than that of saline control.

Follow up in vitro experiments employing biofilm culture techniques with constant flow
antibiotic exposure were consistent with the in vivo findings. These data demonstrated that
azithromycin improved the antimicrobial effect of ciprofloxacin while significantly
inhibiting the effectiveness of tobramycin. This culture method does not incorporate tissue
or leukocyte elements of bacterial clearance and therefore these data also suggest that the
observed interactions between antibiotics are likely independent of any immunomodulatory
effects. In vitro experiments employing planktonic culture conditions and the same strain of
bacteria did not show an effect of azithromycin added to ciprofloxacin or tobramycin.
Though unlikely significant, azithromycin at the same concentration as that used in the
biofilm culture model, resulted in a slight decrease in tobramycin MIC under planktonic
growth conditions. Combined, these in vitro data suggest that an apparent interaction
between azithromycin and tobramycin may depend largely on the state of bacterial growth.
Greater mechanistic detail of these interactions is clearly needed and a topic of ongoing
investigation. Appreciating that azithromycin greatly concentrates in leukocytes, these data
may be clinically relevant to diseases with significant and ongoing neutrophilic
inflammation, such as CF airway disease.

Other laboratories have identified a potential antagonism between azithromycin and
tobramycin in vitro using more traditional biofilm culture techniques and other strains of P.
a.33,34. Whether or not the apparent drug-drug interaction is specific to certain bacterial
strains or species is unknown but similar findings from multiple laboratories using different
bacterial strains raises concern that this effect may be significant. Azithromycin has a shared
dicationic structure with aminoglycosides (i.e. tobramycin) and these chemicals may
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competitively interact in self-promoted uptake mechanisms when targeting gram negative
bacteria35. Ciprofloxacin does not utilize this mechanism to target gram negative bacteria,
which may help explain why its antimicrobial effects were not inhibited by azithromycin in
our models. Other macrolides are not dicationic and it has been hypothesized that this may
explain both the extended gram negative activity observed for azithromycin and also the
lack of antagonism observed between clarithromycin and tobramycin in vitro36.
Azithromycin and tobramycin both target the ribosome in bacteria, though at different
subunit sites, and it is unknown if this relates to the observations in our study.

To our knowledge, these data are the first in vivo demonstration of anti-Pseudomonal effects
of azithromycin in a burn wound model, and the first in vivo demonstration of an apparent
interaction with tobramycin when targeting P. aeruginosa infection. In our model, the
combined thermal injury and bacterial infection developed pronounced and yet variable
tissue destruction at the wound site. We believe that this variability in wound severity may
contribute to sampling error and inherent imprecision when quantifying skin bacterial
burden. However, measuring the level of systemic spread to the lung is more uniform and
this model and captures the entire pulmonary tissue source, a site remote from tissue
destruction or antibiotic administration. Consistent findings from the in vitro biofilm culture
model strengthens our confidence in these data. Together, these studies identify a potential
antagonism between azithromycin and tobramycin when targeting P. aeruginosa infection—
particularly in a biofilm growth state. The relationship with ciprofloxacin in both models,
though not as strong, was often additive and clearly not antagonistic.

Azithromycin is not commonly prescribed to burn patients, but is used as chronic therapy for
more than 70% of patients with cystic fibrosis (CF) who have persistent pulmonary infection
with P. aeruginosa. Increasingly, CF patients are being prescribed chronic azithromycin
before acquisition of Pseudomonas for its purported immunomodulatory benefit. This is
relevant as the common eradications strategy to clear early P. aeruginosa in the airway,
supported by a large clinical trial in CF, is inhaled tobramycin37. Tobramycin is also the
most frequently used systemic antibiotic when treating patients with CF during acute
pulmonary exacerbations, and therefore potential antagonism between these drugs should be
further explored. In published subgroup analysis of data from the original clinical trial of
chronic azithromycin in CF, subjects using inhaled tobramycin had 1/3 the benefit (i.e.
improved lung function) when compared to subjects not using tobramycin38. The effect in
subjects using both inhaled tobramycin and oral azithromycin, though positive, was not
statistically significant when compared to placebo. In vitro data indicate that this interaction
may be specific to azithromycin and not to other macrolides, which have also shown some
of the beneficial properties for which this therapy was originally tested in CF.33 However, a
recent clinical trial of clarithromycin in CF patients failed to show clinical improvement39.

We believe that the significant antimicrobial effects of a single dose of azithromycin given
shortly after injury are also potentially important to medical care for burn-related trauma,
including combat-related injury. There are 128 burn centers in the US, but only 25% of the
population live within 1 hour of a center, and only 46% live within 2 hours40. More so,
military and combat related burns are often triaged and managed outside of burn centers,
with severe cases being later transported to higher levels of care2. Therefore, when trying to
minimize morbidity and systemic spread of infection, a safe, widely available that could be
self-administered or given by medical personnel prior to transfer to a regional burn center
would be a useful adjuvant to current therapy. Further studies of this effect, including the
determination of specificity for azithromycin and alternative dosing regimens, may be
warranted. Many critically ill burn patients are treated with tobramycin, and this should be
considered in the design of any future study design.
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There are limitations to these studies and these data cannot be extrapolated to directly
inform human disease and therapy. Both the burn and infection models are artificial and
standardized, and do not adequately represent the breadth or complexity of injury seen in
medical burn centers. In our model, the burn site was abraded, similar to many combat
related traumas, but this may not sufficiently recapitulate the type of tissue injury often seen.
Likewise, repeated bacterial contamination and polymicrobial infections are frequently
encountered in clinical practice and were not explored here. In this study we have focused
on what appears to be the most common bacterial pathogen encountered but recognize that
any investigation of antibiotic effectiveness must consider the greater complexity of trauma-
related infections. We have constrained our study to a strain of P. a. that was originally
collected from a burn wound site (PAO1). As indicated above, others have reported similar
patterns of drug interaction in vitro using alternative strains of P. aeruginosa and we are now
expanding this research to multiple CF clinical isolates from the airway. In the present
experiments, we tested limited concentrations of the antibiotics in vivo and in vitro, taken
from published literature review and at doses considered relevant to human diagnostic
testing and medical care. This limitation may explain some of the minor differences
observed in vivo compared with in vitro—particularly where the in vitro efficacy of
azithromycin alone was not statistically significant. Alternatively, antimicrobial effects
observed with azithromycin as monotherapy may require biofilm growth conditions and/or
immunomodulatory effects on the host. Despite these limitations, our data raise both
promise for early azithromycin use and concern over potential interactions with commonly
used anti-pseudomonal agents—namely tobramycin.
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Figure 1.
Mice challenged with combined cutaneous burn and infection with PAO1 had significantly
greater weight loss compared with mice not burned, with or without PAO1 challenge
(Figure 1a, mean +/− SEM, *P<0.01). Weight loss was maximal at 48 hours after challenge.
Skin tissue myeloperoxidase content, reflecting neutrophil accumulation, steadily increased
in mice challenged with burn and PAO1, peaking by 48 hours (Figure 1b, mean +/− SEM).
Mice without thermal injury but challenged with PAO1 did not have increased MPO content
in the skin through 72 hours, indicating that there was no significant neutrophil recruitment
to the wound without thermal injury. *P<0.001. Burden of bacterial infection was
significantly greater at the skin wound and inoculation site, but consistently had spread to
both the lungs and spleen by 72 hours after inoculation (Figure 1c, mean +/− 95% CI).

Nichols et al. Page 12

J Surg Res. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effect of Azithromycin on Local and Systemic Bacterial Infection
A single administration of azithromycin (20 mg/mL i.p.) 4 hours following inoculation of
the burn wound significantly reduced P. aeruginosa infection both at the burn site and
systemically in the lung and spleen (Figure 2a, mean +/− 95% CI. ∞P=0.05, #P<0.001,
*Spleen P<0.05). Graphs reflect N=15 from 5 replicate experiments. (NS, normal saline
control; AZM, azithromycin; *P<0.05, #P<0.01).
Azithromycin group trended toward greater weight recovery at 72 hours following challenge
but this was not statistically significant (Figure 2b). Azithromycin did not significantly
affect the number of circulating neutrophils in the peripheral blood or neutrophil
accumulation at the site of injury (2c) measured at 72 hours.
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Figure 3. Effect of Antibiotic Monotherapy
Mice treated with each of the three antibiotics tested as monotherapy showed similar weight
loss to saline control at 72 hours after challenge (Figure 3a, mean +/− SEM, N=10–16).
Azithromycin, ciprofloxacin, or tobramycin administration each reduced both wound site
(Figure 3b, #P<0.01) and systemic infection of PAO1 (Figures 3c, 3d, ∞P<0.001, #P<0.01)
when compared with saline control.
The comparison with saline control was statistically significant and tobramycin appeared to
be superior as monotherapy in concentrations tested, but no statistically significant
difference was observed between antibiotics. NS, normal saline; AZM, azithromycin;
CPRO, ciprofloxacin; TBRA, tobramycin.
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Figure 4. Divergent Effects of Azithromycin when Added to Ciprofloxacin or Tobramycin
We observed a difference in effect of early administration of azithromycin with subsequent
ciprofloxacin or tobramycin on P. aeruginosa infection at the skin. A trend toward additive
antimicrobial effect with ciprofloxacin was noted while apparent antagonism with
tobramycin was observed. Significantly greater bacteria were cultured from the wound when
azithromycin preceded tobramycin administration compared with tobramycin administration
alone (Figure 4a; #P<0.01, N=8–10 from 3 replicate experiments).
Early administration of azithromycin appeared to increase bacterial spread to the lung in
animals treated with tobramycin compared with tobramycin alone (*P<0.02, N=12–15).
This was not observed with azithromycin and ciprofloxacin where the combination resulted
in a reduction in lung bacterial density that was not statistically significant compared to
ciprofloxacin alone. Splenic P. aeruginosa growth showed similar trends but was relatively
low in all antibiotic treatment groups and no significant differences were observed (data not
shown).
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Figure 5. In Vitro Biofilm Culture
P. aeruginosa biomass reductions (i.e. antimicrobial effect) after 22 hours flow compared
with baseline were: no antibiotic 9%, azithromycin 32%, ciprofloxacin 10%, tobramycin
68%. Ciprofloxacin (4 mcg/mL) had no statistically significant effect on P. aeruginosa
biofilm biomass when compared with no antibiotic exposure. Azithromycin and especially
tobramycin (40 mcg/mL) were more effective than no treatment or the other antibiotics
tested (*P<0.05, ∞P <0.001).
The addition of azithromycin to ciprofloxacin was significantly more effective at reducing P.
aeruginosa biomass than ciprofloxacin alone (*P<0.05). This combined treatment resulted in
34% P. aeruginosa biomass reduction compared with 10% observed with ciprofloxacin
alone.
When azithromycin was added to tobramycin, the effective biomass reduction was lost (68%
to 28%, P<0.001) and was no longer statistically significant when compared with no
treatment or azithromycin alone.
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Table 1

Effect of Azithromycin in Planktonic Growth Conditions

MIC without azithromycin MIC with azithromycin

tobramycin 1.0 mcg/mL 0.5 mcg/mL

ciprofloxacin 1.0 mcg/mL 0.5 mcg/mL

Addition of azithromycin to tobramycin or ciprofloxacin had no significant effect on the minimal inhibitory concentration (MIC) of these
antibiotics after 24 hours in a shaking liquid culture at 37 C (Table 1). The slight reduction in MIC for both ciprofloxacin and tobramycin is
unlikely to be a significant change but clearly does not indicate antagonism of tobramycin during planktonic bacterial growth conditions. These
experiments used the same P. aeruginosa bacterial strain and concentration of azithromycin as that used in the biofilm culture model above. Data
were replicated 3 times to ensure consistency. Azithromycin alone did not provide an MIC break point through 20 mcg/mL indicating a lack of
antimicrobial effect as monotherapy (data not shown).
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