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Objectives: The National Institute of Allergy and Infectious Disease classifies Francisella tularensis as
a Category A priority pathogen. Despite the availability of drugs for treating tularaemia, the mortality in
naturally acquired cases can still approach 30%. In addition, the usefulness of existing drugs for treat-
ment in response to exposure or for prophylaxis is limited because of toxicity and delivery concerns.
The aim of this study was to assess the efficacy of the lead alkyl-substituted diphenyl ether, SBPT04,
in the F. tularensis murine model of infection.

Methods: SBPT04 was delivered by intraperitoneal (ip) and oral (po) routes, and mice were monitored
for morbidity, mortality and relapse of disease. Pharmacokinetic studies were performed to evaluate
bioavailability. Phase I and Phase II metabolism of SBPT04 was assessed in mouse and human micro-
somes.

Results: SBPT04, a potent inhibitor of the enoyl-ACP reductase enzyme ftuFabI, has efficacy against
F. tularensis in the murine model of infection when delivered by both ip and po routes. SBPT04 deliv-
ered ip cleared infection by day 4 of treatment, and SBPT04 delivered po resulted in delayed dissemi-
nation. Importantly, SBPT04 delivered ip or po demonstrated efficacy with no signs of relapse of
disease. Pharmacokinetic studies show increased serum concentrations following ip delivery com-
pared with po delivery, which correlates with the observed survival rate of 100%.

Conclusions: In addition to being a potent lead, this work substantiates substituted diphenyl ethers as
a platform for the development of novel broad-spectrum chemotherapeutics to other bacterial agents
in addition to F. tularensis.

Keywords: Francisella tularensis, fatty acid, FabI, efficacy, mouse model

Introduction

Francisella tularensis is a facultative intracellular bacterium that
can cause severe, acute and often fatal respiratory disease in
humans. The ability of this highly infectious and virulent bac-
terial pathogen to be readily aerosolized along with its history as

a potential biological weapon has led to the possibility that it
could be used deliberately in an act of bioterrorism.1 – 4

Consequently, the National Institute of Allergy and Infectious
Disease has classified F. tularensis as a Category A priority
pathogen and has stated the need for the development of novel
chemotherapeutics that can be used rapidly and effectively to
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treat infections caused by this organism. While some broad-
spectrum antibiotics are currently indicated for Category A and
B pathogens, concern is growing that the widespread and
aggressive use of key antibiotics and potential engineering of
specifically weaponized strains will result in the development of
drug-resistant organisms. Thus, there is an important need for
new broad-spectrum compounds with enhanced therapeutic
effects compared with existing frontline treatments.

Current treatment regimens for F. tularensis infections utilize
streptomycin and gentamicin, along with the alternative drugs
tetracycline, chloramphenicol and fluoroquinolones. However,
the efficacy of these regimens is limited because streptomycin
and gentamicin have toxic side effects and neither can be orally
(po) administered, while tetracycline and chloramphenicol are
associated with relapse rates as high as 10%. Fluoroquinolones
have also shown promise in a limited number of cases; however,
clinical experience is limited and their role in treating severe
disease is unknown. In animal studies, gatifloxacin, moxifloxacin
and ciprofloxacin prevented disease during the treatment period,
but significant failure rates occurred after the cessation of
therapy.6 – 9 Since existing drugs have limited potency and effi-
cacy, and it is unknown whether drug-resistant organisms might
be used in an intentional release, it is prudent that novel che-
motherapeutics with reduced side effects and that prevent
relapse of disease compared with existing frontline drugs be
developed.

Historically, clinically relevant drugs target DNA, RNA,
protein and glycans of the cell wall. Currently, however, emer-
ging alternative targets for novel antibacterial drug discovery
include the enzymes of type II fatty acid biosynthesis (FASII).
In particular, FabI, the FASII enoyl-ACP reductase, has been
demonstrated as a promising broad-spectrum target for che-
motherapeutic intervention.11 – 14 The utility of diphenyl ethers to
target FabI in F. tularensis has been demonstrated by our own
drug discovery programme, which is founded on the observation
that the diphenyl ether triclosan is a potent inhibitor of the FabI
enzyme in other organisms.11,13,15 – 23 The frontline tuberculosis
drug isoniazid is an inhibitor of the FabI enzyme from
Mycobacterium tuberculosis,24 and several drug discovery pro-
grammes have targeted the FabI enzyme from organisms such as
Staphylococcus aureus and Plasmodium falciparum.25 – 28 Using
structure-based drug design strategies, we have developed a
series of substituted diphenyl ethers that are potent inhibitors of
the M. tuberculosis FabI enzyme and that are active against
multidrug-resistant strains of M. tuberculosis.29,30 In addition,
selected compounds are also nanomolar inhibitors of FabI from
S. aureus and have excellent in vitro activity against methicillin-
resistant S. aureus.29

Recently, we identified several alkyl diphenyl ethers that are
potent inhibitors of the F. tularensis enoyl-ACP reductase
(ftuFabI), some of which have efficacy in an animal model of
tularaemia infection when delivered intraperitoneally (ip).14 The
high potency of the diphenyl ether-based ftuFabI inhibitors
against F. tularensis supports the exploitation of the FASII
pathway for the development of novel tularaemia drugs. In par-
ticular, we have shown that one of these compounds, SBPT04,
has activity in a murine model of tularaemia infection.
Accordingly, the work presented here extends our previous
studies by assessing bioavailability and drug metabolism of the
most potent pre-clinical lead, SBPT04, in addition to efficacy
when delivered po. Also, this research further investigates the

mode of action of SBPT04 through DNA microarray transcrip-
tional profiling of F. tularensis under drug treatment conditions.
These studies provide critical information for lead optimization
that will be used to advance substituted diphenyl ether-based
compounds into pre-clinical and clinical trials. Here, we demon-
strate in vivo efficacy against F. tularensis in the mouse model
of infection, with enhanced bioavailability and decreased tox-
icity compared with that of the parent compound and other
analogues.

Methods

Bacterial strains, culture conditions and mice

LVS and Schu4 strains (OH, USA) were cultured in modified

Mueller–Hinton (MMH) broth (0.025% ferric pyrophosphate, 2%
IsoVitaleX and 0.1% glucose) at 378C with constant shaking over-
night, aliquotted into 1 mL samples, frozen at 2808C and thawed
just before use as previously described.31 Frozen stocks were titrated
by enumerating viable bacteria from serial dilutions plated on MMH

agar (0.025% ferric pyrophosphate, 2% IsoVitaleX, 0.1% glucose
and 0.025% fetal bovine serum) as previously described.31 The
number of viable bacteria in frozen stock vials varied by ,5% over
a 10 month period. These stocks were used to start cultures for MIC
and MBC analyses.

Six-week-old female ICR mice were purchased from Charles
River Laboratories. All mice were housed in sterile microisolater
cages in the laboratory animal resources facility or in the Biohazard
Research Building BSL-3 facility at Colorado State University (Fort

Collins, CO, USA), and were provided with sterile water and food
ad libitum. All research involving animals was conducted in accord-
ance with animal care and use guidelines, and animal protocols
approved by the Animal Care and Use Committee at Colorado State
University.

MIC and MBC determination

MICs were determined for F. tularensis LVS and Schu4 strains.

F. tularensis was grown to mid-log phase and diluted to provide an
inoculum of �105 cells per well when dispensed into a 96-well
microtitre drug plate. Compounds in the drug plates were tested at
2-fold serial concentrations from 0.06 to 128.0 mg/L in triplicate.
Optical density (OD) readings were obtained after 18–20 h of incu-

bation at 378C. Microplate Alamar Blue assay (MABA), a colori-
metric drug susceptibility testing method that indicates bacterial
viability, was also used as described with minor modifications for
Francisella.32 MIC values were determined by plotting the percen-
tage inhibition calculated from spectrophotometric plate readings

(570 and 600 nm) using GraFit software. Similarly, MBCs were
determined by plating onto MMH agar plates 10-fold serial dilutions
from wells indicating a percentage inhibition of �90% via MABA
analysis. The minimal concentration demonstrating a �3 log
reduction of growth was considered the MBC.

Cytotoxicity testing

African green monkey kidney cells (Vero cells) were grown in

RPMI 1640 medium supplemented with 1.5 g/L sodium bicarbonate,
10 mL/L 100 mM sodium pyruvate, 140 mL/L 100� non-essential
amino acids, 100 mL/L penicillin–streptomycin solution (10000 IU/
10000 mg/L) and 10% bovine calf serum at 378C in a 5% CO2

incubator with 75% humidity. Compounds were evaluated at 2-fold
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serial diluted concentrations, starting at 100 mg/L. Following com-
pound addition, cells were incubated for 72 h at 378C in a 5% CO2

incubator. The cells were then washed with PBS, CellTiter 96
AQueous One solution was added to each well and plates were incu-

bated for 4 h at 378C. Plates were read at 490 nm using a spectro-
photometric plate reader and the absorbance readings were used to
calculate the 50% lethal concentration (LC50) using GraFit software
as previously described.33

Mouse infection, drug dosing and cfu determination

Mice were infected with Schu4 via a whole-body low-dose aerosol
as previously described, with minor modifications.34,35 Conscious
mice within a stainless steel basket were exposed to the Schu4 strain
of F. tularensis by aerosol exposure in a Glascol Inhalation
Exposure System (Glas-Col, Inc., Terre Haute, IN, USA). Prior to

exposure, the nebulizer was loaded with bacteria diluted in PBS to a
concentration of �5�106 cfu/mL. Mice were exposed to a total of
�4�107 bacteria, aerosolized into a volume of 5 cubic feet over a
period of 30 min, followed by a 20 min period of cloud decay in
which airflow was maintained without introducing additional bac-

teria. Mice were monitored for morbidity and mortality twice daily
for a period of 14 days, at which time survivors were euthanized.
This inoculum routinely results in 100% mortality and a mean time
to death of 5–6 days following infection. Mice were treated ip or po

with SBPT04 or triclosan at 50, 100 or 200 mg/kg prior to infection
and continuing daily for 4 additional days. SBPT04 was formulated
in 5% ethanol/water, while triclosan was formulated in 8% Solutol
(BASF) and 5% ethanol/water. Control mice were inoculated with
saline. Mice were sacrificed at 2 and 4 days post-infection for cfu

determination in lungs and spleens. Mouse organs were homogen-
ized in sterile PBS and 100 mL of homogenate was serial diluted
(1021–1028) and plated on MMH agar plates, which were then
incubated at 378C for 48 h, at which time cfu were enumerated.

Transcriptional profiling under drug treatment

Transcriptional profiling experiments consisting of three indepen-
dent biological replicates were performed to study the response of
genes to drugs over a 2 h period. Bacterial cultures were grown to
an OD600 of 0.4, diluted 1:2 and distributed into 150 mL aliquots.
The cultures were incubated for 1 h at 378C prior to the addition of

2� MIC concentrations of SBPT04. Total RNA was isolated as
described 2 h post-treatment.33 Competitive hybridizations were per-
formed on F. tularensis whole genome microarrays (Rocky
Mountain Regional Center of Excellence Genomics Proteomics
Core, U54 AI065357) with fluorescently labelled cDNAs generated

using direct labelling from 5 mg of total RNA as described pre-
viously.33 Data reduction and analysis were performed using
Genepix software (Axon). Transcriptional activity of open reading
frames (ORFs) considered statistically significant were those that

were differentially regulated by �1.5-fold, with a P value of �0.05.

Bioavailability, pharmacokinetics/pharmacodynamics and

in vivo metabolite studies for SBPT004

A pharmacokinetic study was conducted in male C57/BL6 mice via
intravenous (iv), po or ip administration of SBPT04. The dose levels

were 20 mg/kg [5% ethanol/D5W (5% dextrose/water)] for iv, 50
and 200 mg/kg (5% ethanol) for po, and 200 mg/kg (5% ethanol/
D5W) for ip. Blood samples for each route of administration were
collected from retro-orbital puncture at eight timepoints, with three
mice being sacrificed at each timepoint. SBPT04 and its major

Phase I and Phase II metabolites were monitored in each sample
with LC/MS/MS methodology (the lower limit of quantification was
1 ng/mL in plasma).

Results

SBPT04 is a potent inhibitor of F. tularensis and has low

cytotoxicity

SBPT04 has an MIC of 0.16+0.06 mg/L and an MBC of
0.25 mg/L. Most significantly, SBPT04 is more potent in vitro on
a gravimetric basis than current drugs clinically used to treat
F. tularensis infections. For example, the MICs determined for
various clinical strains of F. tularensis with streptomycin and gen-
tamicin fall into a range of 2–4 and 1–2 mg/L, respectively, as
compared with SBPT04 with an MIC range of 0.12–0.25 mg/L.36

To assess the potential safety window of SBPT04, its
cytotoxicity was evaluated in Vero cells. The LC50 for SBPT04
was determined to be 101+2 mg/L, which was comparable to or
better than current drugs that were also evaluated in our assay, and
resulted in a measured 3 log concentration difference between
MIC and LC50 values (Figure 1 and Table 1). This represents a
significant difference in the selectivity index between tissue tox-
icity and bactericidal dose.
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Figure 1. MIC and cytotoxicity of SBPT04. Percentage inhibition of growth

of F. tularensis Schu4 and Vero cells over different concentrations of

SBPT04.

Table 1. MIC, LC50 and selectivity index of SBPT04 and clinically

used drugs to treat F. tularensis

Drug MIC (mg/L) LC50 (mg/L) SI

SBPT04 0.2 100 500

Streptomycin 4.0 .100 25

Gentamicin 2.0 .100 50

Doxycycline 1.0 3 3

SI, selectivity index.
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Transcriptional response to SBPT04

To assess the mode of action and response of F. tularensis to
treatment with SBPT04, whole genome transcriptional profiling
was performed. Treatment with SBPT04 for 2 h at 2� MIC
resulted in the differential regulation of 734 ORFs (P values
�0.05), with 204 ORFs differentially regulated by �1.5-fold.
The general trend in the transcriptional response caused by
SBPT04 treatment included an overall reduction in gene tran-
scripts encoding products involved in cell wall and lipid syn-
thesis, intermediary metabolism and respiration, and RNA and
protein synthesis (Table 2). Repressed genes included those
associated with fatty acid biosynthesis (acc, fabI, fabH, fabZ),
ATP synthesis (atpA, atpB, atpD, atpG, purK), NADH utiliz-
ation (nuoA, nuoH, nuoI, nuoK, nuoM, nuoN, nadE), menaqui-
none biosynthesis methyltransferase (ubiE), RNA synthesis
(rpoA1, rpoA2, rpoC), ribosomal proteins (rpmA, rpmD, rpsL,
rpsI, rpsA, rpsS, rpsD, rpsN, rpsM, rpsK, rpsE, rpsH, rplT,
rplQ, rplC, rplX, rplF, rplJ, rplA) that encode the 30S and 50S
multisubunit ribosomal complex responsible for protein syn-
thesis, and an ATP-dependent protease (lon). The down-
regulation of these functions is consistent with a reduction in
replication potential, metabolic function and overall cell viabi-
lity. In addition, genes associated with stress responses were
induced during treatment. These genes included the spoT, gro
and sos genes. Of the functional categories, those assigned to
insertion sequences and phages (71%), regulation (30%),
unknown (21%), and virulence, detoxification and adaptation

(28%) were the highest percentages induced. Thus, the
transcriptional response of F. tularensis treated with SBPT04
demonstrates that overall metabolic activity was reduced within
the treatment period of 2 h, despite the elucidated stress
responses.

SBPT04 has efficacy and controls dissemination in the

F. tularensis murine model of infection

The efficacy of SBPT04 and the parent compound triclosan was
determined in the F. tularensis murine model of infection when
delivered ip and po beginning on day 1 of infection. For these
studies, mice were infected with F. tularensis Schu4 (n¼15/
group) via low-dose aerosol. Drugs were administered once a
day for 5 days beginning on day 1, and mice were monitored for
30 days for morbidity, mortality and disease relapse. Untreated
control mice in the ip study had a 0% survival rate with a
median survival of 5 days, whereas treatment with 200 mg/kg
triclosan delivered ip resulted in a 44% median survival.
Significantly, treatment with 200 mg/kg SBPT04 delivered ip
prevented death of all infected animals, resulting in a 100% sur-
vival rate (P,0.001) (Figure 2a). Importantly, mice did not
show any signs of relapse or disease for 30 days following
5 days of treatment. This observation is consistent with the lack
of cfu in the lungs and spleens following treatment (Figure 3).
To assess whether SBPT04 had efficacy when delivered
po, mice were again infected with a low-dose aerosol of
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Figure 2. Efficacy testing of SBPT04 in the F. tularensis mouse model of infection. Survival of mice treated with SBPT04 or the lead pharmacophore

triclosan delivered at different doses delivered (a) ip or (b) po. Mice were dosed once a day for 5 days following aerosol infection and observed until day 14.

Table 2. Differentially regulated genes by functional classification after 2 h of exposure to SBPT04 at 2�MIC

Functional classification Total �1.5-Fold �1.5-Fold Up-regulated (%) Down-regulated (%)

Cell wall and cell wall processes 95 8 16 8 17

Conserved hypothetical/hypothetical 189 34 9 18 5

Information pathways 90 4 27 4 30

Insertion sequences and phages 38 27 0 71 0

Intermediate metabolism/respiration 165 12 23 7 14

Lipid metabolism 18 1 3 6 17

Unknown 100 21 6 21 6

Regulatory proteins 10 3 1 30 10

Virulence/detoxification/adaptation 29 8 1 28 3

Total genes in analysis¼1820, with 734 genes having P values�0.05.
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F. tularensis Schu4 and dosed once a day for 5 days as before.
Untreated control animals in the po study had a 0% survival and
a median survival of 5 days similar to that observed for ip deliv-
ery. In contrast, SBPT04 when administered po at 200 mg/kg
significantly (P,0.01) extended the median survival to 9 days
(Figure 2b). Notably, signs of relapse or disease were not
observed in the surviving animals for 30 days after 5 days of
treatment.

To assess the in vivo activity and efficacy of SBPT04 deliv-
ered ip or po, bacterial growth in the lungs and spleen was deter-
mined at varying doses on days 2 and 4 of infection. Three mice
from each treatment group and control group were selected,
euthanized, and the bacterial loads in the lungs and spleen were
determined by plating and enumeration of cfu. Untreated mice
generally displayed 5 log10 and 6 log10 cfu in the lung at days 2
and 4, respectively (Figure 3a and c). Although the bacteria in
the spleen at day 2 were minimal, dissemination to the spleen
was observed at day 4 with 6 log10 cfu (Figure 3b and d). Doses
of �100 mg/kg SBPT04 delivered either ip or po did not signifi-
cantly affect bacterial growth in the lungs or spleens at day 4 of
infection when compared with control animals. SBPT04 when
delivered ip at 200 mg/kg reduced bacterial growth in the lungs
at day 2 and significantly cleared bacteria by day 4 (P,0.01)

(Figure 3a). Similar trends were observed in the spleen with
SBPT04 delivered ip at 200 mg/kg, where no bacteria
were detected (P,0.01) (Figure 3b). When delivered po at
200 mg/kg, SBPT04 was able to reduce bacterial growth in the
lungs at day 2 (P�0.05) but was unable to control the extent of
burden in the lungs (Figure 3c) or spleen (Figure 3d) at day 4 of
infection. This is consistent with the observed differences in effi-
cacy (Figure 2a and b) and demonstrates correlations with
median survival, bacterial burden in the lungs, control of disse-
mination and growth in the spleen during treatment.

Pharmacokinetics and metabolism of SBPT04

A two-pronged approach consisting of pharmacokinetic analysis
and metabolite studies was employed to identify the physio-
chemical properties of SBPT04 that influence po bioavailability
and the specific structural liabilities of SBPT04. The pharmaco-
kinetic parameters that were determined included AUC, Cmax,
Tmax, F (bioavailability) and t1/2 for SBPT04 following dosing at
50 mg/kg and 200 mg/kg po, and 200 mg/kg ip in order to esti-
mate the therapeutic dose and pharmacokinetic characteristics
associated with efficacy (Figure 4 and Table 3). The AUC of
SBPT04, which evaluates drug exposure, was 0.61 or 3.3 mg.h/L
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Figure 3. Bacterial burdens in the lungs and spleen during treatment with SBPT04. F. tularensis Schu4 cfu recovered from the lungs (a and c) and spleen

(b and d) following treatment with different doses of SBPT04 delivered ip (a and b) or po (c and d). Bacterial burden was determined by cfu (log10 cfu/mL)
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when delivered po at 200 mg/kg or ip at 200 mg/kg, respectively.
Delivery of SBPT04 at 200 mg/kg po resulted in a Cmax value of
0.54 mmol/L with a Tmax of 0.5 h, whereas a 200 mg/kg dose
delivered ip yielded a Cmax value of 1.41 mmol/L with a Tmax of
1.0 h. Comparison of the AUC and Cmax values from 200 mg/kg
po or 200 mg/kg ip provides an estimate of the minimal values
needed for a compound to demonstrate efficacy. Delivery of
SBPT04 ip at 200 mg/kg afforded a therapeutic effect index
(AUC/MIC) of 20.6 and a Cmax/MIC of 2. When delivered po at
200 mg/kg or ip at 200 mg/kg, SBPT04 had t1/2 values of 2.08
and 3.04 h, respectively. Together, these values reveal that a com-
pound that exceeds 0.6 mg.h/L, a maximum serum concentration
greater than the MIC of the compound and a t1/2 of .3 h demon-
strates efficacy in the F. tularensis mouse model of infection. The
bioavailability (F) of SBPT04 was assessed to determine the frac-
tion of the dose reaching the systemic circulation unchanged after
administration. SBPT04 delivered po at 200 mg/kg had an F

value of 8.94 and SBPT04 delivered ip at 200 mg/kg had an F
value of 48.56. The observed .5-fold difference in F values for
the two routes of administration represents the fraction of thera-
peutically active drug that reaches the systemic circulation after
intestinal absorption or potential first-pass metabolism and is
available at the site of action.

Phase I and Phase II metabolism of SBPT04 was assessed
using mouse liver microsomes (MLMs) and human liver micro-
somes (HLMs) with LC/MS/MS methodology (Figure 5a).
Studies conducted with MLMs and HLMs revealed similar oxi-
dative metabolites, with the primary difference being a less
extensive profile and an extended half-life in HLMs (Figure 5b
and c). In MLMs the t1/2 of SBPT04 was determined to be
4.1 min, while HLMs exhibited a t1/2 of 46 min. Phase I analysis
revealed the formation of mono- and bis-hydroxy derivatives of
SBPT04 as well as a ketone metabolite (Figure 5). Phase II
studies revealed that SBPT04 was also susceptible to
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Figure 4. Bioavailability and in vivo pharmacokinetics. Bioavailability was assessed by administering SBPT04 to C57/BL6 mice via iv, po or ip routes and

determining the amount of compound in blood over 24 h.

Table 3. In vivo pharmacokinetic parameters for SBPT04 delivered iv, po or ip in male C57/BL6 mice

Route and dosage

iv 20 mg/kg po 50 mg/kg po 200 mg/kg ip 200 mg/kg

MRT (h) 1.9

Vss (L/kg) 56.25

Vd (L/kg) 69.06

CL (mL/min/kg) 493.09

AUC (mM.h) 2.5 0.17 2.24 12.14

AUC (mg.h/L) 0.675 0.046 0.61 3.3

AUC (mg.h/L)/MIC (mg/L) 4.22 0.29 3.81 20.63

t1/2 (h) 1.62 0.54 2.08 3.04

t1/2 (h) (O-glucuronide) 3.38 3.24 2.57 5.48

Tmax (h) 1 0.5 0.5 1

Cmax (mmol/L) 0.75 0.2 0.54 1.41

F (bioavailability) (%) 2.69 8.94 48.56

MRT, mean residence time.
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conjugation, with the O-glucuronide metabolite being most
abundant. Based on the Phase I and Phase II analyses, Phase I
metabolism is a minimal contributor to the depletion of SBPT04
and Phase II O-glucuronidation is the primary eliminator of
active SBPT04 from circulation in vivo. Together, these results
are consistent with the notion that metabolism of SBPT04 is less
extensive in human microsomes. It is known that there are
differences in drug metabolism between human and rodent
species.37,38 Therefore, from this information a significantly
longer half-life of SBPT04 is anticipated in humans, which
would allow for a reduction in the efficacious dose of SBPT04
and increased duration between dosing in the treatment regimen.

Discussion

The development of a novel drug class with activity against
F. tularensis that prevents relapse of disease after withdrawal of
treatment requires a therapeutically relevant molecular target, and
a chemotherapeutic with favourable physiochemical characteristics
and rapid efficacy. The microbial fatty acid biosynthesis pathway
(FASII) is a validated target for novel antibacterial drug discov-
ery11–13,39 and, using structure-based design, we have developed a
series of substituted diphenyl ethers that are potent FASII FabI
enzyme inhibitors. Importantly, the activity of the FabI inhibitors
against several bacterial pathogens confirms that this enzyme is a
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sensitive target for the development of broad-spectrum chemother-
apeutics.14,29,30,33 In particular, the utility of ftuFabI as a target for
drug discovery in F. tularensis has been substantiated by our own
antibacterial discovery programme, which has resulted in the dis-
covery of SBPT04, a compound that has promising in vivo activity
in an animal model of tularaemia infection.14 Here, we extend our
studies on this promising molecule and probe the mechanism of
action and in vivo properties of SBPT04.

Monitoring the bacterial response to treatment and general
metabolic activity can assess the mode of action and impact a
drug has on bacterial viability. Visualization of the transcription-
ally active genes revealed that SBPT04 treatment resulted in an
overall reduction in intermediary metabolism and respiration,
RNA and protein synthesis, and macromolecular synthesis. The
down-regulation of these functions is consistent with a reduction
in replication potential, metabolic function and overall cell via-
bility due to treatment. Stress, detoxification and adaptation pro-
cesses were also observed in the transcriptional response to
treatment, as revealed by the up-regulation of spoT, groS, recG,
visC, sodC and pilQ. However, despite the increase in these pro-
cesses, SBPT04 is a potent inhibitor of cell growth and viability.
The induction of detoxification processes in F. tularensis is
similar to the responses in other organisms to diphenyl ethers
and, like in those bacteria, the response was not associated with
increased resistance to treatment.30,33

SBPT04 demonstrated potency against whole bacteria at con-
centrations 1000-fold lower than those that demonstrated Vero
cell toxicity. When assessed over a range of concentrations,
SBPT04 demonstrated a ,2-fold difference in drug concen-
tration between MBC and MIC, a key characteristic of potent
bactericidal drugs and an important property for a drug to have
enduring efficacy. Significantly, there was no observed relapse
in disease over 30 days following a 5 day ip or po treatment
with SBPT04. This is in contrast to studies with current thera-
peutics, such as doxycycline and ciprofloxacin, or with the
alternative fluoroquinolones moxifloxacin and gatifloxacin,
where relapse of disease was noted,8,9,40 although we acknowl-
edge the possibility that alternative routes of administration,
dosing regimens or drug properties could account for some of the
observed differences in efficacy. Nevertheless, the observed
relapse with clinically relevant drugs raises the important concern
of relapse in humans following treatment with currently rec-
ommended therapies. Of note, SBPT04 is more potent in vitro
against LVS and Schu4 than several current clinically used drugs,
and demonstrates efficacy in mice without the associated toxicity
and relapse for the treatment of pulmonary tularaemia infections.

The factors of absorption, distribution, metabolism and elim-
ination in conjunction with the relative susceptibility of the bac-
teria to the drug affect the extent of killing in vivo. It has been
established that the duration of the drug concentration relative to
the MIC for the pathogen (i.e. AUC/MIC) is directly related to
bacterial killing in animal models of infection.41 SBPT04
demonstrates a concentration-dependent killing mechanism, as
our experiments illustrate a dose-dependent efficacy under a
short duration of treatment. For drugs that exhibit concentration-
dependent killing, the higher the drug concentration the greater
the extent of bacterial killing. Thus, maintenance of the serum
drug concentration above the MIC over an appropriate time is
critical to establish effective killing and overall therapeutic
effect. When delivered at 200 mg/kg po, SBPT04 only achieved
an AUC/MIC of 3.8 in comparison with 20.6 when delivered at

200 mg/kg ip. The observed increase in efficacy of SBPT04
when delivered by ip compared with po is attributed to the
.5-fold increase in the AUC/MIC.

The mechanism behind the observed bactericidal activity,
even after drug concentrations fall below MIC, is related to the
time required for an organism to recover from exposure.41,42

Despite the fact that the t1/2 of 3.3 h was modest with regards to
the 24 h dosing interval, SBPT04 effectively clears bacteria from
the lungs and prevents dissemination, suggesting a post-antibiotic
sub-MIC effect. Compounds were cleared from the serum, but
may have persisted in tissues at effective levels and offer
extended killing beyond the visualized T.MIC or AUC/MIC
ratios. Over time, intracellular concentrations of the drug can
build if diffusion is efficient and the drug can linger inside the
cell to continue to be effective, even though demonstrated serum
concentrations have fallen below MIC. Phase I metabolites are
minimal contributors to the depletion of SBPT04, and
O-glucuronidation is the primary metabolic modification of
SBPT04 that affects and limits the levels of SBPT04 in circula-
tion. This information is useful for the design and optimization of
next-generation compounds. Remodelling SBPT04 to bypass
Phase II metabolism would extend serum levels and increase the
t1/2, thereby prolonging antibacterial efficacy at lower doses.
Finally, the fact that SBPT04 is a slow-onset inhibitor of ftuFabI
with an in vitro residence time of 140 min on the enzyme target
may also contribute to the post-antibiotic activity of SBPT04
against intracellular pathogens like F. tularensis.14 Notably, tri-
closan, which has an MIC of 0.00018 mg/L and is thus signifi-
cantly more potent in vitro than SBPT04, has lower in vivo
activity that can be directly related to the much shorter residence
time of triclosan on the target.14

Importantly, in regard to the development of novel che-
motherapeutics with broad-spectrum activity, the identification
of substituted diphenyl ethers that are slow-onset inhibitors of
FabI affords the opportunity to target other bacterial pathogens.
Not only have diphenyl ethers demonstrated efficacy against
F. tularensis, but with the mechanistic knowledge regarding the
enzyme interaction and inhibition, this pharmacophore is suit-
able for development as a platform for broad-spectrum che-
motherapeutics. Notably, animals treated with SBPT04 did not
show signs of relapse after withdrawal of treatment. This is par-
ticularly significant given the virulence of priority pathogens
and the clinical record of currently used drugs for treatment.
SBPT04 demonstrated better efficacy when delivered ip com-
pared with po, which reflects the lower bioavailability of the
drug resulting from po administration. Modifications to both the
structure of the drug as well as formulation are currently being
made to increase the bioavailability of SBPT04 at the sites of
infection, and reduce Phase I and Phase II metabolism.

In summary, these studies provide a platform for the rational
design of ‘next generation’ substituted diphenyl ether com-
pounds with greater efficacy and less metabolic liability, which
would allow sufficient efficacy at lower doses against a variety
of medically important bacterial pathogens.
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