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Efficacy of Enrofloxacin in a
Mouse Model of Sepsis

Andrea R Slate,! Sheila Bandyopadhyay,? Kevin P Francis,* Mark G Papich,’
Brian Karolewski,? Eldad A Hod,? and Kevin A Prestia??

We examined the efficacy of enrofloxacin administered by 2 different routes in a mouse model of sepsis. Male CD1 mice were
infected with a bioluminescent strain of enteropathogenic Escherichia coli and treated with enrofloxacin either by injection
or in drinking water. Peak serum levels were evaluated by using HPLC. Mice were monitored for signs of clinical disease,
and infections were monitored by using bioluminescence imaging. Serum levels of enrofloxacin and the active metabolite
ciprofloxacin were greater in the group treated by injection than in controls or the groups treated by administration in drink-
ing water. Survival of the group treated with enrofloxacin injection was greater than that of controls and groups treated with
enrofloxacin in the drinking water. Bioluminescence in the group treated with enrofloxacin injection was less than that in
the groups treated with oral administration at 12 h and in the groups treated orally and the control group at 16 h. According
to these findings, we recommend the use of injectable enrofloxacin at 5 mg/kg SC for mice with systemic infections.

Abbreviation: MIC, minimal inhibitory concentration.

Sepsis is defined as the systemic inflammatory response to the
presence of bacterial infection.® It affects approximately 750,000
people annually in the United States, with a mortality rate of
30% to 50% and a financial burden of US$16.7 billion dollars.
Septic shock is persistent hypotention with hypoperfusion ab-
normalities or organ dysfunction secondary to sepsis and kills
10 times more people than myocardial infarction in the United
States.”*8 Bacterial isolates from patients with gram-negative
infections most commonly include Escherichia coli, Klebsiella
species, or Enterobacter species.® Due to the widespread and
severe nature of this disease, this is an active area of scientific
research.1417

Enrofloxacin is a frequently used antibiotic approved for
use in dogs, cats, cattle, and pigs in the United States. It is a
fluoroquinolone antibiotic that leads to bacterial cell death
through the inhibition of topoisomerase II, which controls
supercoiling of bacterial DNA.3 The bactericidal effect is de-
pendent on the concentration of antibiotic present in tissues,*
both of the parent compound and of the active metabolite
ciprofloxacin.!® Enrofloxacin has been studied in a wide range
of laboratory animal species including bovines, 24?7 dogs,>3¢
frogs,?%?% horses,*! macaques,* marmosets,* mice,?23234364049
rabbits,!? rats,® sheep,!® and swine.!5%52 Published doses in
veterinary formularies range from 2.5 to 20 mg/kg for enteral
and parenteral bolus dosing and for rodents at 0.05 to 0.2 mg/
mL in drinking water.!'#46 In laboratory animal medicine,
fluoroquinolone antibiotics are sometimes administered as a
therapeutic agent to populations of animals. One example of
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this practice is for eradication of an opportunistic pathogen such
as Pneumocysitis carinii in genetically modified mice.*? In addi-
tion, fluroquinolones are used on a large scale prophylactically
in research protocols involving bone marrow transplantation
in mice.** When large groups of animals require treatment, the
route of administration can affect the personnel time required
to conduct the research.

Bioluminesence imaging is a noninvasive imaging modality
that has been used to study cell trafficking, tumor development,
gene expression, gene therapy, inflammation and infection,
protein—protein interactions, and protein stability and function
in laboratory rodents.!® Bioluminescent imaging systems use
specialized charge-coupled cameras to capture low amounts
of light. Organisms can be genetically engineered to express
firefly luciferase or other types of luciferase enzymes, which
emit light when the organisms are provided an exogenous sub-
strate, such as luciferin, in the presence of ATP and oxygen.?’
In addition, specialized bacteria have been engineered to carry
genes for both the luciferase and the substrate, a long-chain
fatty aldehyde, and thus do not require an exogenous source
of substrate.*’” These types of modified bacteria have been used
to study the progression and treatment of bacterial infections
of the gastrointestinal tract,'%?! wounds,?**” and surgical im-
plants.305153 Advantages of bioluminescence imaging include
the ability to assess the spatial and temporal distribution of
bacteria after intervention in the same animal, thus reducing
animal numbers.

The purpose of the current study was to refine a model of
sepsis by evaluating the efficacy of different routes of admin-
istration of prophylactic antibiotics. This work was part of a
larger study evaluating the pathogenesis of hospital-acquired
infection in patients receiving blood transfusions during con-
current antibiotic therapy. With an effective model system,
research results can be translated to treatment of human
diseases. Serial noninvasive optical imaging of a biolumines-
cently engineered strain of enteropathogenic Escherichia coli
was used as a biomarker of bacterial infection in the presence
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of mitigating drug regimens. We hypothesized that there
would be no difference in the severity of infection, evaluated
as photons per second emitted from a region of interest over
the abdomen, between animals that received enrofloxacin
via different routes of administration in this model of sepsis.
Our goal was to establish an effective method of preventing
or treating gram-negative sepsis through antibiotic admin-
istration that minimized animal handling and manipulation,
promoted animal wellbeing, and maximized the information
obtained from the animals used in our research.

Materials and Methods

Animals. Male CD1 mice (weight, 24 to 25 g) were purchased
from Charles River Laboratories (Wilmington, MA). Animals
were housed at a maximum of 5 per cage on autoclaved corncob
bedding (Alpha-dri-Cob Blend, Shepherd Specialty Papers,
WEF Fisher and Son, Somerville, NJ) in static polysulfone
microisolation cages. Enrichment was provided in the form
of social housing and cotton nesting pads (Nestlets, Ancare,
Bellmore, NY). Mice had ad libitum access to irradiated feed
(Purina Lab Diet 5053, PMI, St Louis, MO) and water treated
by reverse osmosis. Mice were free of Sendai virus, pneumo-
nia virus of mice, mouse hepatitis virus, minute virus of mice,
mouse parvovirus, Theiler mouse encephalomyelitis virus,
reovirus type 3, epizoodic diarrhea of infant mice virus, My-
coplasma pulmonis, lymphocytic choriomeningitis virus, mouse
adenovirus, ectromelia virus, K virus, polyomavirus, and
endo- and ectoparasites. Mice were maintained in accordance
with the Guide for the Care and Use of Laboratory Animals®® in an
AAALAC-accredited facility. All procedures were approved
by the Columbia University IACUC and followed applicable
governmental policies and regulations.

Drug treatments and sampling. We randomly assigned each of
20 mice to one of 4 experimental groups. Three groups of mice
received antibiotic treatment with enrofloxacin (Baytril, 22.7
mg/mL, Bayer, Pittsburgh, PA). Two of the treatment groups (n
=5 mice each) received enrofloxacin orally in drinking water at
different concentrations: 0.05 mg/mL (low dose) and 0.1 mg/
mL (high dose). One group (1 =5 mice) received a subcutaneous
dose of enrofloxacin at 5 mg/kg diluted in 0.2 mL saline. The
control group (1 =5mice) received 0.2 mL saline subcutaneously.
All mice received bottles of drinking water treated by reverse
osmosis. Enrofloxacin and saline injections were given at 24,
14, and 2 h prior to blood collection (time 0, 1000). Medicated
water was supplied 24 h prior to blood collection. Mice were
euthanized by cervical dislocation under isoflurane anesthesia.
Blood was collected by cardiocentesis post mortem. Serum was
separated and stored at —80 °C until analysis. Concentrations
of enrofloxacin and its active metabolite ciprofloxacin were
evaluated by HPLC as previously described,'®?” except for
slight modification to accommodate the small sample volume
used for this analysis (150 uL). The assays for enrofloxacin and
ciprofloxacin have been validated previously and published for
other species by our laboratory,'®* and a partial validation was
performed for this current study in mice. Solid-phase extrac-
tion of enrofloxacin and ciprofloxacin was performed by using
Oasis HLB (1 mL) extraction cartridges (Waters, Milford, MA)
for plasma samples, followed by reverse-phase chromatography
with fluoresence detection at an excitation wavelength of 280
nm and an emission wavelength of 500 nm. The mobile phase
consisted of 80% water, 20% acetonitrile, 0.2% trifluoroacetic
acid, and 0.1% triethylamine. The injection volume for serum
samples was 50 pL. The limit of quantitation was 0.01 ng/mL
for both enrofloxacin and ciprofloxacin. Drug concentrations

were determined from calibration curves made from fortified
blank serum collected from mice prior to drug administration.
Enrofloxacin reference standard was supplied by Bayer, and
ciprofloxacin reference standard was obtained from the United
States Pharmacopeia (Rockville, MD). Our laboratory used
published guidelines for method validation.>

Bacteria. A bioluminescently engineered strain of enteropath-
ogenic Escherichia coli (strain Xen14, parent strain EPEC WS2572
containing a stable, chromosomally integrated [uxCDABE cas-
sette from Photorhabdus luminescense) was used (PerkinElmer,
Waltham, MA). Bacteria from a frozen glycerol stock were
grown in lysogeny broth?® at 37 °C with shaking at 200 rpm
until midlog phase (approximately 4 to 5 h). The bacteria were
harvested, washed twice with sterile PBS, and enumerated by
optical density measurements to determine concentration (cfu/
mL) and verify midlog phase harvest. A sample of the grown
bacteria was submitted to a commercial diagnostic laboratory
(Antech Diagnostics, Lake Success, NY) for confirmatory culture
and susceptibility testing.

Experimental infection. We randomly allocated each of 60
mice to one of the 4 groups described earlier: enrofloxacin in
drinking water at 0.05 mg/mL and at 0.1 mg/mL (14 mice each),
enrofloxacin administered by subcutaneous injection at 5 mg/kg
in 0.2 mL saline (16 mice), and a 0.2-mL saline injection control
group (16 mice). Medicated water was supplied 24 h prior to
infection and throughout the study. Enrofloxacin injections were
administered at 24, 14, and 2 h prior to infection and at 12 h after
infection (time 0, 1200). All mice received a single intraperitoneal
injection of 1x 108 cfu of Escherichia coli Xen14 at time 0. Bacteria
were diluted in 0.2 mL sterile saline. Mice were euthanized by
cervical dislocation under isoflurane anesthesia at 24 h, or earlier
when observed to be moribund (weak, dehydrated, unable to
right themselves) by a blinded observer (ARS). The remaining
mice were euthanized by the same method immediately after
the final imaging session, at 24 h after infection.

Imaging. Mice were anesthetized with isoflurane in oxygen
(2% to 5%) and underwent imaging in dorsal recumbency every
4 to 8 h by using an in vivo imaging system (IVIS Spectrum,
PerkinElmer). Images were evaluated with Living Image Soft-
ware (PerkinElmer). A region of interest was established over
the abdomen that extended from the pelvis to the xyphoid. Bio-
luminescence of the region was measured as flux (photons/s).

Statistical analysis. All statistical analysis was conducted
by using Prism 6 (GraphPad Software, La Jolla, CA). Drug
levels were analyzed by one-way ANOVA with Tukey post-
tests. Survival was analyzed by using a log-rank Mantel-Cox
test. Bioluminesence was analyzed using one-way ANOVA or
a Kruskall-Wallis test with Bonferroni or Dunn posttests as
deemed appropriate by a KS normality test.

Results

The serum enrofloxacin concentrations in the group that
received subcutaneous injections of enrofloxacin (5 mg/kg)
at 2 h after administration was more than 4 times greater than
that of mice that received oral enrofloxacin (0.05 mg/mL or 0.1
mg/mL) at 24 h after the addition of the drug to the drinking
water (P <0.0001 for both comparisons; Figure 1 A). The enro-
floxacin serum concentration (mean + 1 SD) was 0.405 £+ 0.052,
0.063 +0.022, and 0.107 + 0.036 pg/mL in the groups receiving
the subcutaneous, low oral, and high oral doses of enrofloxacin,
respectively. There was no enrofloxacin detected in the saline
control group (<0.01 pg/mL). The difference in enrofloxacin
levels was significant (P < 0.01) for all groups when compared
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Figure 1. Serum (A) enrofloxacin and (B) ciprofloxacin levels in mice 2
h after the last injection or 24 h after addition of antibiotic to drinking
water. (n =5 for each group). *, P <0.05; t, P <0.01; , P < 0.001.

with the saline-injected control animals. There was no signifi-
cant difference between the 2 groups that received oral doses.

The serum ciprofloxacin concentrations in the group that
received subcutaneous injections of enrofloxacin (5 mg/kg)
were greater than those of all other groups (P < 0.001 for all
comparisons; Figure 1 B). The serum ciprofloxacin concentra-
tion (mean * 1 SD) was 0.031 £ 0.004, less than 0.01 ug/mL, and
0.011 £ 0.007 pg/mL in the groups receiving the subcutaneous,
low oral, and high oral doses of enrofloxacin, respectively, and
less than 0.01 ug/mL in the saline control group (P < 0.01 for all
groups compared with the saline control group). There was no
difference in ciprofloxacin concentrations between the groups
receiving low-dose oral enrofloxacin or saline. However, the
high-dose oral enrofloxacin group did have higher ciprofloxacin
levels (P < 0.01) than did saline control mice.

Efficacy of enrofloxacin in mice

A representative 24-h time sequence of bioluminescence im-
ages of antibiotic-treated mice challenged with 1 x 108 cfu E.
coli Xen 14 by intraperitoneal injection is shown (Figure 2). All
mice treated subcutaneously with enrofloxacin survived for 24
h after infection, the end of the study. In contrast, the median
survival of the saline, low-dose oral enrofloxacin, and high-dose
oral enrofloxacin groups was 20 h, 12 h, and 20 h, respectively
(Figure 3). Survival of the group that received injectable enro-
floxacin was greater (P < 0.01, log-rank Mantel-Cox analysis)
than that of all other groups. Survival did not differ between
the 2 groups that received oral doses of enrofloxacin and the
saline control group.

Differences in bioluminescence were noted between groups
at 12 and 16 h after infection (Figure 4). Mice that received
subcutaneous injections of enrofloxacin had less biolumines-
cent flux (mean + 1 SD; P < 0.05) than did animals in both the
low-dose and high-dose oral enrofloxacin groups (4.525 x 108
+1.150 x 107, 2.019 x 10° + 3.189 x 10°, and 1.815 x 10° + 1.704
x 10° photons/s, respectively). At 16 h after infection, mice in
the group that received subcutaneous enrofloxacin had less (P <
0.05) bioluminescent flux than did the low-dose and high-dose
oral enrofloxacin and the saline control groups (5.078 x 107 +
5.476 x 107, 2.468 x 10° £ 3.936 x 10°, 1.682 x 10° + 1.697 x 10°,
and 6.831 x 108 + 3.145 x 108 photons/s, respectively). The bio-
luminescence levels of the 2 oral dosage groups and the saline
control group were not significantly different from each other.

The reference laboratory culture of the bacteria verified the
bacteria as a strain of Escherichia coli susceptible to enrofloxacin,
with a MIC of 0.5 pg/mL or less.

Discussion

Antibiotics are used by laboratory animal veterinarians for
both clinical and research purposes. Cost and ease of admin-
istration are crucial when large numbers of rodents require
treatment. Administration of medication in drinking water can
save hours of personnel time and can minimize rodents’ pain
and stress associated with handling and injections. However,
appropriate drug levels are paramount for clinical efficacy and
research integrity.

The results of this study suggest that subcutaneous dosing of
enrofloxacin is more effective at reducing bacterial burden than
are regimens based on oral dosing through the drinking water.
Animals that received enrofloxacin subcutaneously survived
longer and exhibited less bacteria-associated bioluminescence
at 12 and 16 h after infection than did the other groups, in-
dicating greater efficacy through the subcutaneous route of
administration. Bioluminescence was not compared beyond
16 h because after that time point, the mice that had demon-
strated the strongest bioluminescent flux had to be euthanized
due to clinical signs of severe sepsis. A key advantage to the
use of bioluminescence imaging for this study was the ability
to obtain quantifiable data and statistical significance without
the need for death as an experimental endpoint. Unfortunately,
because the small number of animals in this study, we were
unable to correlate a specific cut-off point for bioluminescence
that was predictive of morbidity. Future studies of infection
models using bioluminescence imaging potentially could refine
endpoints and allow for euthanasia of animals before clinical
illness is observed.

The bactericidal activity of fluroquinolones is correlated to
the ratio of AUC,:MIC.2%! Dosing schemes that provide for
a high peak concentration relative to the MIC (C__:MIC or
AUC:MIC) are preferable for all fluoroquinolones to maximize
the bactericidal effect and minimize the selection of drug-
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Figure 2. Representative in vivo images of antibiotic treated mice obtained for 24 h after intraperitoneal bacterial challenge with 1 x 108 CFU E.

coli Xen 14.

resistant bacteria.!842 In our current experiment, the mean
serum concentrations of enrofloxacin and ciprofloxacin at
the time of bacterial administration was significantly higher
in mice given enrofloxacin subcutaneously than in animals
that received the drug in drinking water, even though the
group that received 0.1 mg/mL in drinking water theoreti-
cally received a dose that was 50% higher than that of the
group dosed subcutaneously. The doses of 0.05 and 0.1 mg/
mL in drinking water correlate to a doses of approximately 7.5
and 15 mg/kg daily, respectively, according to an estimated
daily water consumption of 1.5 mL/10 g.?* By contrast, the
enrofloxacin dose from subcutaneous administration was
10 mg/kg daily. The serum enrofloxacin concentrations that
we found were higher than other published results in mice.
One study found an average concentration of less than 0.1
pg/mL at 2 h after subcutaneous administration of 10 mg/kg
enrofloxacin.*’ This concentration is approximately 4 times
lower than that we detected in the current study in the group
that received 5 mg/kg SC. The cited study did not detect the
metabolite ciprofloxacin.®? The differences between studies
may reflect an improved sensitivity of our assay.
Fluoroquinolones are absorbed from both the gastrointes-
tinal tract and parenteral injection sites and subsequently are
distributed well in body tissues.? However, oral absorption can
be affected by the physiology of the gastrointestinal tract.*? Oral

absorption is low in horses compared with other species, and
oral absorption in ruminants is affected by the volume of the GI
tract.*? Therefore poor absorption from the mouse GI tract may
be one of the factors that affected the serum concentration in
the current study. We suspect that another important factor that
may explain the low concentrations of enrofloxacin observed in
our mice that received the oral dose was poor consumption of
the treated water. Enrofloxacin has a bitter taste!2. In addition,
the injectable formulation, which was added to the drinking
water, is very alkaline, to maintain solubility. These factors
may have made the drinking water unpalatable to the mice.
This suspicion is supported by a lack of significant difference in
enrofloxacin serum concentration between the low- and high-
dose oral regimens. Because an increasing dose of enrofloxacin
in the drinking water is associated with an increasingly bitter
taste, mice given the higher dose of enrofloxacin likely drank
less water than did the other groups. Furthermore, once the
mice were infected, water consumption in all groups likely
decreased due to the systemic inflammatory response. It is also
possible that the mice drank water at a time point that would
produce a peak level at a different time than the subcutaneously
dosed group. Rodents consume more water during the night
than during daytime hours; therefore enrofloxacin levels in the
groups that received the oral dose likely fluctuated depending
on the time of day.*® One study reported the terminal half-life
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Figure 3. Survival curve of antibiotic treated mice challenged with E.
coli Xen 14. (n = 16 each for saline control group and enrofloxacin 5
mg/kg SQ, n = 14 each for enrofloxacin in drinking water at 0.05 and
0.1 mg/mL). Survival of group treated with 5 mg/kg SQ is signifi-
cantly greater (1, P < 0.01) than all other groups.

of enrofloxacin in mice to be 0.81 h.*? Perhaps the timing of
sampling (approximately 3 h after lights on) did not coincide
with the peak serum concentration. We were unable to quantify
water consumption in this study due to technical difficulties
with socially housed animals and spillage secondary to mov-
ing the cages for dosing and imaging. In addition, we cannot
rule out poor solubility of the drug in the drinking water as a
possible reason for low concentrations. Enrofloxacin has poor
aqueous solubility and might precipitate after being added to
the drinking water. For this reason, we elected not to use crushed
tablets for our oral dosing regimen.

The doses of enrofloxacin that we used reflected current
recommendations in commonly used veterinary formular-
ies. Several historic papers report the prolonged use of much
higher doses, from 25 to 85 mg/kg daily in drinking water
for colony-wide treatment of Pasteurella pneumotropica.?232344
However, because enrofloxacin serum concentrations did not
differ between the 2 oral-treatment groups, it is unlikely that
even higher doses of enrofloxacin would have been beneficial
in this setting. Some sources report masking the taste of enro-
floxacin with sweeteners.*> We elected to exclude this method
of delivery, because alteration of glucose metabolism could have
affected our sepsis model. Future studies evaluating higher
doses of enrofloxacin administered in drinking water and by
bolus gavage and including multiple time points would be use-
ful to better understand the pharmacokinetics of this drug. In
addition, future studies could incorporate the use of artificial
sweeteners to enhance palatability.

Finally, another alternative hypothesis for the decreased
effectiveness of oral dosing is that enrofloxacin and other
fluoroquinolone antibiotics are degraded when exposed to
light.** We used clear water bottles in this study, but UV
exposure is an unlikely cause of the reduced drug levels,
because the bottles were covered by an opaque microisola-
tion top and positioned on a solid metal rack without direct
exposure to light.

Our results reflect experiments using a single strain and sex
of mouse, male CD1 mice, and a single strain of Escherichia coli,
Xen14. The male CD1 mouse model was selected because it has
anormal immune system, eliminated the variable of estrus, and
fit with the needs of the larger experimental study. The Xen14
strain was selected because it is similar to enteropathogenic
Escherichia coli strains seen in human infections and because
it expresses the genes necessary for bioluminescence imag-
ing. Future studies exploring the route of administration of
enrofloxacin in other mouse strains, in female animals, or to
treat infections with other organisms are needed to be able to
generalize the findings.

According to the dramatic results we obtained by using in
vivo imaging, we recommend the use of injectable enrofloxacin

Efficacy of enrofloxacin in mice

]
L - =#= Sakns 5C
]
E - =8 Endofiae BC
-
: - == Enroflex 0.05 mgimL PO
E a2 Enfafiss 0.1 mgimL PO
E @
5 &
= @
8 =
]

Time (h)

Figure 4. Bioluminescence of region of interest (mean + 1 SD) of an-
tibiotic-treated mice challenged with E. coli Xen 14. (n = 16 each for
saline control group and enrofloxacin 5 mg/kg SC; n = 14 each for
enrofloxacin in drinking water at 0.05 and 0.1 mg/mL). Biolumines-
ence of group treated with 5 mg/kg SC is significantly lower than both
groups dosed in drinking water at 12 h postinfection (¢, P < 0.05) and
to both groups dosed in water as well as the saline control group at 16
h postinfection (¥, P < 0.05).

at 5 mg/kg SC rather than administration in drinking water at
0.05 or 0.1 mg/mL for animals at risk for or with known sepsis.
If antibiotics must be administered through drinking water, a
drug that is dependent on time above the MIC may be a more
prudent choice.
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