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A small-molecule compound belonging to a class of
2,4-disubstituted 1,3,4-thiadiazine-5-ones suppresses
Salmonella infection in vivo
Ludmila N Nesterenko, Nailya A Zigangirova, Egor S Zayakin, Sergey I Luyksaar, Natalie V Kobets,
Denis V Balunets, Ludmila A Shabalina, Tatiana N Bolshakova, Olga Y Dobrynina and Alexander L Gintsburg

Therapeutic strategies that target bacterial virulence have received considerable attention. The type III secretion system (T3SS)

is important for bacterial virulence and represents an attractive therapeutic target. A novel compound with a predicted T3SS

inhibitory activity named CL-55 (N-(2,4-difluorophenyl)-4-(3-ethoxy-4-hydroxybenzyl)-5-oxo-5,6-dihydro-4H-[1,3,4]-thiadiazine-

2-carboxamide) was previously characterized by low toxicity, high levels of solubility, stability and specific efficiency toward

Chlamydia trachomatis in vitro and in vivo. In this study, we describe the action of CL-55 on Salmonella enterica serovar

Typhimurium. We found that CL-55 does not affect Salmonella growth in vitro but suppresses Salmonella infection in vivo. The
i.p. injection of CL-55 at a dose of 10 mg kg−1 for 4 days significantly (500-fold) decreased the numbers of Salmonella in the

spleen and peritoneal lavages and increased the survival rates in susceptible (BALB/c, I/St) and resistant (A/Sn) mice. Twelve

days of therapy led to complete eradication of Salmonella in mice. Moreover, no pathogen was found 4–6 weeks post treatment.

CL-55 was not carcinogenic or mutagenic, did not increase the level of chromosomal aberrations in bone marrow cells and had

low toxicity in mice, rats and rabbits. Pharmacokinetic studies have shown that CL-55 rapidly disappears from systemic blood

circulation and is distributed in the organs. Our data demonstrates that CL-55 affects S. enterica serovar Typhimurium in vivo
and could be used as a substance in the design of antibacterial inhibitors for pharmaceutical intervention of bacterial virulence

for infection.
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INTRODUCTION

Salmonella enterica is an important pathogen of humans and animals.
This pathogen can cause diseases ranging from mild gastroenteritis to
severe systemic infection and is a serious problem for public health.
Recently we observed outbursts of infection that lead to generalized
salmonellosis, which in turn results in chronic complications such as
gastroenteritis, colitis, cholecystitis, mesenchymal hepatitis, nephritis,
arthritis, periostitis and perichondritis.1 These diseases are difficult to
treat with antibiotics. In addition, antibiotic-resistant strains are
constantly emerging worldwide, posing a serious problem especially
for newborns and children. Thus, the demand for novel antimicrobial
strategies to replenish the dwindling antibiotic arsenal has increased.
Therapeutic strategies that target bacterial virulence rather than

growth have received considerable attention as these approaches are
aimed to selectively disarm pathogens while preserving the integrity of
the host microbiome. Compounds that inhibit the secretion of
virulence factors and suppress the pathogenicity of bacteria normally
do not affect viability. Eradication of the pathogen that lost its
virulence occurs as the result of natural resistance and immune
response from the host. As virulence inhibitors do not cause the death
and do not suppress the growth of the pathogen, this therapy should

not lead to the selection of resistant bacteria. Amongst the many
bacterial virulence mechanisms that have been discovered, specialized
protein secretion systems appear to be the prime targets for small-
molecule inhibition of infection. At least seven secretion systems are
known at present. The highly conserved type III secretion system
(T3SS) is central to the virulence of many human Gram-negative
pathogens such as Salmonella, Shigella, Pseudomonas, enteropathogenic
Escherichia coli, enterohemorrhagic E. coli, Vibrio, Yersinia and
Chlamydia.2–6 The pathogenicity of S. enterica mainly depends on
two T3SSs, which are encoded by Salmonella pathogenicity island
1 (SPI-1) and SPI-2. SPI-1 mediates the invasion of the intestinal
epithelium and induction of proinflammatory responses through
injecting effector proteins into host cells, while SPI-2 regulates the
replication of bacteria in host phagocytic cells.7 T3SSs have therefore
emerged as attractive targets for small-molecule anti-virulence
therapeutics and have motivated several high-throughput screens in
the search for specific chemical inhibitors that inhibit the secretion
and translocation of bacterial effector proteins. Several series of
T3SS inhibitors have been identified by whole-cell-based screening
methods, such as reporter gene screening system, enzyme-linked
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immunosorbent assay, contact hemolysis screening system and
SDS-polyacrylamide gel electrophoresis.8

The salicylidene acylhydrazides were the first class of small
molecules identified from a T3SS effector screen. The
compounds of this class were shown to have T3SS inhibitory activity
in several Gram-negative pathogens including E. coli,9,10

Chlamydia,11,12 Salmonella13–15 and Shigella16 that led to attenuation
of infection.
The therapeutic effect of T3SS inhibitors in vivo has been described

in a few studies. A decrease in inflammation and bacterial load of
S. enterica serovar Typhimurium,17 Yersinia pseudotuberculosis18 and
Chlamydia trachomatis19 but only as prophylactic treatment before
infection was shown in previous studies. Eradication of Citrobactor
rodentium in the model of colitis under the action of compound
aurodox, therapy of which was started immediately after infection, was
also reported;20 however, inhibiting the action of aurodox on T3SS
was demonstrated for enteropathogenic E. coli, but not for
C. rodentium, and the mechanism of the action of this compound
on the course of C. rodentium infection is not clear.
Previously, our group tested 500 compounds of thiohydrazides of

oxamic acids with predicted T3SS inhibitory activity for toxicity to
eukaryotic cells and antibacterial inhibitory activity. The selected T3SS
inhibitors were chemically optimized, which allowed us to obtain the
original lead compound named CL-55, characterized by low toxicity,
high levels of solubility, stability and specific efficiency on Chlamydia
in vitro and in vivo.21,22

In this study we describe the antibacterial action of CL-
55 (N-(2,4-difluorophenyl)-4-(3-ethoxy-4-hydroxybenzyl)-5-oxo-5,6-
dihydro-4H-[1,3,4]-thiadiazine-2-carboxamide) on S. enterica serovar
Typhimurium. We found that CL-55 does not affect Salmonella
growth in vitro but suppresses Salmonella infection in vivo. We found
that CL-55 significantly decreased mortality and bacteria loads in
susceptible and resistant mice infected with S. enterica serovar
Typhimurium. In addition, we demonstrated that CL-55 was not
carcinogenic or mutagenic, did not increase the level of chromosomal
aberrations in bone marrow cells and displayed low toxicity in mice,
rats and rabbits. Preclinical pharmacokinetics studies showed fast
access of CL-55 into the bloodstream via i.p. injection and its
distribution into body organs. Our data demonstrate that the selected
compound CL-55 affects S. enterica serovar Typhimurium infection
in vivo and hence could be used as a substance in the design of
bacterial T3SS specific inhibitors for pharmaceutical intervention of
bacterial virulence.

MATERIALS AND METHODS

Bacterial strains and cultivation conditions
This study was based on the S. enterica serovar Typhimurium strain IV147
obtained from H. Tschape from the Robert Koch Institute branch at
Wernigerode, Germany. Bacteria were grown in Luria-Bertani broth (1%
tryptone, 0.5% yeast extract, 1% NaCl, pH 7.4) or on Salmonella Shigella (SS)
agar plates.

CL-55 compound
The virulence inhibitor CL-55 (Figure 1) was synthesized as described earlier.20

In our study several solutions of inhibitor were used. A 100 mM stock solution
in dimethyl sulfoxide was used for the in vitro experiments. A solution for
in vivo studies was prepared in the following way: 2 mg of CL-55 were dissolved
in 200 μl of 0.1 M NaOH, then 400 μl of 0.05 N AcONH4 were added. The
resulting solution was acidified with AcOH up to pH 6.8–7.2 and then diluted
with distilled water up to 1 ml. The suspensions for the toxicity studies were
prepared in the following way: 100 mg of CL-55 were thoroughly mixed with
50 μl of Tween-80, then diluted with 1% starch solution up to 1 ml. The

solution for pharmacokinetics was prepared by dissolving of 40 mg CL-55 in
1 ml of PEG 400 (polyethylene glycol-400). All of the solutions were prepared
ex tempera.

Animals
Male mice of 14–16 g body weight of I/StSnEgYCit (I/St) and A/JSnYCit (A/Sn)
and BALB/cJCit (BALB/c) inbred strains were used for the evaluation of CL-55
efficiency in a Salmonella infection model in vivo. Male and female
F1CBAхC57Bl/6 mice were used in the mutagenicity studies. BALB/c mice,
Wistar rats and Shinshilla rabbits were used in the toxicity studies. BALB/c mice
were also used in the pharmacokinetics study.
The animals were maintained under conventional conditions at the Animal

Facilities of the Gamaleya Research Institute for epidemiology and micro-
biology, Moscow, Russia, in accordance with national guidelines. Water and
food were provided ad libitum.

Acute infection model in vivo
Acute Salmonella infection was induced as described previously.23 Briefly,
S. enterica serovar Typhimurium (var. IV147) was grown in broth overnight,
centrifuged, resuspended in sterile saline and 0.5 ml (2.5× 102 CFU per mouse)
were injected i.p. Mortality was monitored daily. To estimate the Salmonella
loads, serial dilutions of peritoneal cavity lavages and whole-spleen
homogenates were plated onto SS agar. The colonies were counted following
a 12 h incubation at 37 °C.

Mutagenicity and carcinogenicity of CL-55
Ames test. It was performed according to a commercial protocol of the ‘AMES
MPF PENTA I’ kit (Xenometrix AG, Allschwil, Switzerland). S. enterica serovar
Typhimurium strains ТА98, ТА100, ТА1535, ТА1537 and E. coli strains
pKM101 и uvrA were used in this study. The compound CL-55 was evaluated
at concentrations of 0.00032, 0.0016, 0.008, 0.04, 0.2 and 1 mg ml− 1.

Comet assay. It was performed in the alkaline version as described before.24

CL-55 was administered as a single dose of 20 or 200 mg kg− 1 in 1% Tween-80
solution i.m. The samples of spleen, liver and kidney cells were prepared 3 and
18 h later. A 1% solution of Tween-80 was used as the negative control. The i.p.
injection of 40 mg kg− 1 methyl methane sulfonate was used as a positive
control.

The formation of chromosomal aberrations in the bone marrow
cells
The formation of chromosomal aberrations in the bone marrow cells was
evaluated 24 h as described before25 after i.m. administration of CL-55 at doses
of 20 and 200 mg kg− 1 and after repeated daily i.m. injections of 20 mg kg− 1 of
CL-55 for 5 days. The samples were collected 6 h after the last injection. A 1%
solution of Tween-80 was used as a negative control. The i.p. injection of
20 mg kg− 1 cyclophosphamide (Biohimic, Saransk, Russia) was used as a
positive control.

LD50 estimation. Acute toxicity was studied after i.p. injections of CL-55 to
animals in a single dose from 500 to 5000 mg kg− 1 in starch with Tween-80.
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Figure 1 The structure of compound СL-55 (N-(2,4-difluorophenyl)-4-
(3-ethoxy-4-hydroxybenzyl)-5-oxo-5,6-dihydro-4H-[1,3,4]-thiadiazine-2-
carboxamide; Patent RU 2495036 C1).
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Macroscopic examination and morphometric evaluation of the organs were
evaluated at day 14 after the treatment.

Subchronic toxicity
Subchronic toxicity was studied after per os injection of CL-55 to animals in a
single daily dose of 50 or 500 mg kg− 1 in starch with Tween-80 for 14 days.
The physiological parameters such as blood counts and biochemistry, urine
tests and organ histology were evaluated in this study at 24 h and 28 days after
the end of the treatment.

Pharmacokinetics
The mice were injected i.p. with 100 mg kg− 1 of CL-55 in PEG 400. Blood
samples were collected in heparin-treated tubes at 5, 10, 15, 30, 60 and 120 min
post injection. Blood plasma was separated by centrifugation, diluted with
acetonitrile and cleared again by centrifugation.

Liquid UV chromatography of compound concentration in blood
and organs
Concentrations of the compound were analyzed using a liquid chromatography
UV spectrometry system Gilson UV–VIS Detector 155 with two pumps
(Gilson 305, Gilson 306), a system controller Gilson 506 C (Gilson, Middleton,
WI, USA) and Hitachi 5210 autosampler (Hitachi High-Tech Corp., Tokyo,
Japan). The analytical separation column (Reprosil Pur-Basic 250× 4.6 mm
5 μm (Dr Maisch, Germany) was coupled with a pre-column (Security Guard
Cartridge C18 4×3 mm, 5 μm). An isocratic elution of the mobile phase
(MeCN/TFA/water 60/0.5/39.5) was run with a total run time of 10 min, a flow

rate of 1.5 ml min− 1, and a detection wave of 281 nm.
The samples were collected by the complete loop filling method (50 μl). The

accuracy ranged from 90 to 110%, and the precision ranged from ± 10% for
the standard concentration (250–15 000 ng ml− 1) except for the lower limit of
quantification (100 ng ml− 1), where the accuracy was 80–120% and precision

± 20%. The limits of detection (LOD) was 25 ng ml− 1. The concentration of
CL-55 in the samples was determined by comparing the peak areas of the
compounds with a standard calibration curve.

Pharmacokinetic modeling
Non-compartment analysis of plasma/whole-blood concentration was per-

formed using the Microsoft Excel-based program PK Solver 2.0. The area under
the zero moment (AUC0–t) and first moment curves (AUMC0–t) from 0 to the
last time t were calculated using the linear trapezoidal method. The terminal
elimination slope (lz) was estimated using regression with the largest R2 on the
points before peak plasma concentration (Cmax). The elimination half-life (t1/2),
volume of distribution to fractional bioavailability (Vd/F), clearance to
fractional bioavailability (Cl/F) and mean residence time parameters were also
determined. Peak plasma drug concentrations (Cmax) and the times to reach the
peak concentration (Tmax) values were derived from the plasma concentration
versus the time profiles.

Statistics
The results obtained from the mortality rates studies are represented as
Kaplan–Meier survival curves, and the differences in survival were calculated
by the log-rank test. Significant differences of the other data were determined
using the Mann–Whitney non-parametric two-tailed test using GraphPad
Prism Version 6.

RESULTS

CL-55 efficiently inhibits acute S. enterica serovar Typhimurium
infection in vivo
Initially, we examined whether CL-55 can affect the growth of
S. enterica serovar Typhimurium IV147 in Luria-Bertani broth. The
overnight culture IV 147 strain was diluted with fresh broth 10 times
and the bacteria were treated with a range of CL-55 concentrations
(50, 150 and 200 μМ) or diluent and incubated at 37 °С for 24 h. The

number of living bacteria was counted by plating from serial dilutions
of cultures on SS agar.
The number of Salmonella was 2× 109 CFU per ml for the

CL-55-treated cultures and control. We did not find a significant
difference in the rate of bacteria growth between the CL-55-treated or
control cultures and demonstrated that CL-55 did not affect the
growth of Salmonella in vitro at the given concentrations.
To analyze the action of CL-55 on the course of Salmonella

infection in vivo we used mouse strains with different levels of
susceptibility to Salmonella—highly susceptible (Nramp1s) BALB/c
mice, susceptible I/St mice and resistant A/Sn mice (both strains are
Nramp1r). The mice with different levels of susceptibility to infection
allowed us to model the variability of response to Salmonella infection
in humans.
The mice were infected with a dose of 2.5 × 102 CFU per mouse of

virulent Salmonella via the i.p. route. CL-55 was administered at three
different i.p. doses (1.0, 10 and 40 mg kg− 1) for 4 days starting from
day 1 post infection. The mortality and time course of bacteria loads in
the different organs were evaluated in these experiments.
First, we evaluated the effect of CL-55 on i.p. Salmonella infection in

BALB/c mice. Injection of 1.0 mg kg− 1 of CL-55 for 4 days starting
from day 1 post infection did not affect the survival rates in BALB/c
mice infected with Salmonella, whereas the mice that received
10 (Figure 2a) and 40 mg kg− 1 (not shown) of CL-55 had an extended
survival rate compared with the mice that did not receive the
treatment (Po0.001; Figure 2a). The mean survival rate in susceptible
BALB/c mice that received 10 mg kg− 1 was 25± 1.2 days compared
with 12± 1.5 days in the control group (Figure 2a). These results
suggest that CL-55 injected to susceptible BALB/c mice at doses of 10
and 40 mg kg− 1 during 4 days post infection displayed a pronounced
antibacterial activity in the model of acute Salmonella infection in vivo.
Next, we analyzed the activity of CL-55 on acute Salmonella

infection in A/Sn and I/St mice. A/Sn mice are more resistant to
Salmonella, respiratory Chlamydia and tuberculosis infection than I/St
mice.23 The genetic mechanism of susceptibility of I/St mice differs
from the susceptibility of BALB/c mice as A/Sn and I/St mice do not
have a mutation in the Nramp1 gene.23

The medium time of survival of resistance to Salmonella for the
A/Sn mice treated with 10 mg kg− 1 of CL-55 was 28± 1.5 days,
whereas the control (non-treated) mice survived for 15± 1.2 days
(Po0.001). The medium time of survival of susceptibility to
Salmonella for the I/St mice treated with CL-55 was 15± 0.8 days,
whereas the control (non-treated) mice survived for 8± 0.9 days
(Po0.001; Figures 2b and c). Therefore, in this study we showed that
CL-55 had antibacterial activity in the model of acute salmonellosis in
three strains of inbred mice differing in susceptibility of Salmonella.
In addition to mortality studies, we have analyzed the course of

bacterial multiplication in the peritoneal cavity and spleen of mice
treated with 10 mg kg− 1 of CL-55 for 4 days starting from day 1 post
infection. To this end, treated or control mice were sacrificed at days 1
to 3 after treatment, the spleen and peritoneal cavity samples were
cultured in SS agar and the numbers of live Salmonella were assessed
by counting the CFU. The results are presented in Figure 3.
As shown in Figure 3, treatment with CL-55 resulted in a significant

(~500-fold, Po0.001) decrease in the Salmonella numbers in the
peritoneal lavages and spleens compared with the Salmonella numbers
in the organs of non-treated animals.
As CL-55 did not affect the growth of Salmonella in broth in

culture, the decrease of bacterial loads shown in Figure 3 is likely due
to host natural resistance mechanisms activated as a result of the loss
of bacterial virulence.
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As we showed that 4 days of therapy decreased the mortality of
Salmonella-infected mice, we next evaluated the efficiency after 12 days
of therapy with 10 mg kg− 1 of CL-55 in BALB/c mice. We chose this
duration of therapy according to the survival time of the infected mice
that did not receive treatment.
We found that treatment of BALB/c mice with 10 mg kg− 1 of

CL-55 for 12 days resulted in 100% survival, whereas all of the
untreated mice were dead at day 12 post infection. The results are
shown in Figure 4. Notably, the mice treated with CL-55 for 12 days
survived for an additional 2 months of observation. The spleens
obtained from these mice at 4–6 weeks post treatment were evaluated
for CFU counts. We found that the spleens were Salmonella negative,
confirming the absence of pathogen reactivation after the treatment
with our inhibitor (data not shown).
The data obtained in our experiments suggest that CL-55 possesses

significant antibacterial activity in the model of acute Salmonella
infection. Twelve days of treatment with 10 mg kg− 1 of CL-55 resulted
in 100% survival of the animals, eradication of infection from the

organs and lack of infection reactivation for an additional 2 months
post infection.

Acute and subchronic toxicity of CL-55 compound
We did not reach the LD50 due to the low toxicity of CL-55. The
maximum dose injected into mice and rats was 5000 mg kg− 1.
A single dose of 5000 mg kg− 1 did not lead to mortality or toxic
changes in the organs of animals (Supplementary Tables 2–5).
Multiple per os administration of CL-55 at a dose of 50 mg kg− 1 for

14 days to rats and rabbits (Supplementary Tables 6 and 7) were not
toxic for the animals.
The administration of CL-55 at a dose of 500 mg kg− 1 to rats and

rabbits revealed some negative changes in the structure of the thymus
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Figure 3 CL-55 (N-(2,4-difluorophenyl)-4-(3-ethoxy-4-hydroxybenzyl)-5-oxo-
5,6-dihydro-4H-[1,3,4]-thiadiazine-2-carboxamide) decreases Salmonella
numbers in the spleens and peritoneal cavities in BALB/cJCit (BALB/c)
mice. BALB/c mice were infected i.p. with Salmonella and treated with
10 mg kg−1 of CL-55 for 4 days starting from day 1 post infection. Round
markers—Salmonella loads in the spleens of untreated mice; triangle
markers—Salmonella loads in the peritoneal cavities of untreated mice; large
square markers—Salmonella loads in the spleens of CL-55 treated mice;
small square markers—Salmonella loads in the peritoneal cavities of CL-55-
treated mice. The mean± s.d. are presented. *P-value o0.001.
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Figure 2 CL-55 (N-(2,4-difluorophenyl)-4-(3-ethoxy-4-hydroxybenzyl)-5-oxo-
5,6-dihydro-4H-[1,3,4]-thiadiazine-2-carboxamide) increases the survival
rates of BALB/cJCit (a), A/JSnYCit (b) and I/StSnEgYCit (c) mice with acute
Salmonella infection. Mice were infected with Salmonella via the i.p. route
and treated with 10 mg kg−1 of CL-55 for 4 days from the day of infection
(dashed line). Infected, untreated mice were used as controls.
Representative data of one of three experiments is presented.
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Figure 4 The treatment of BALB/cJCit mice with 10 mg kg−1 of CL-55
(N-(2,4-difluorophenyl)-4-(3-ethoxy-4-hydroxybenzyl)-5-oxo-5,6-dihydro-4H-
[1,3,4]-thiadiazine-2-carboxamide) for 12 days resulted in 100% survival,
whereas all of the untreated mice were dead at day 12 post infection. Mice
were infected with Salmonella via the i.p. route and treated with
10 mg kg−1 of CL-55 for 4 days from the day of infection (dashed line).
Infected, untreated mice were used as controls. Representative data of one
of the three experiments is presented.
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(data not shown) in rats and showed a decrease in alanine transferase
in the serum as well as a decrease in sodium, creatinine and urea in
both of the animal species (Supplementary Table 6). All of the
pathological findings were reversible. The results of our study suggest
that CL-55 has negligible toxicity.

Evaluation of potential mutagenicity and carcinogenicity of CL-55
As CL-55 showed good anti-bactericidal potential in vitro and in vivo,
we next analyzed the mutagenicity and carcinogenic potential of the
compound. To this end, we employed an Ames test. CL-55 had no
mutagenic effect on TA98, TA100, TA1535 and TA1537 strains of
S. enterica serovar Typhimurium and pKM101 and uvrA strains of
E. coli at all concentrations of the compound in the Ames test with or
without metabolic activation. The number of reverse mutants in the
controls was within the level of spontaneous fluctuations for these
strains (Supplementary Table 11).
CL-55 (20 or 200 mg kg− 1) injected i.m. into mice did not induce

an increase in DNA repairs in bone marrow, liver, kidney and spleen
cells when tested in a Comet assay 18 h after injection compared with
the negative control, while injection of methyl methane sulfonate
induced a statistically significant increase in DNA repairs in all of the
organs under study. (Supplementary Table 12).
The study of chromosomal aberrations in bone marrow cells

showed that a single injection of 20 or 200 mg kg− 1 of CL-55 resulted
in a chromosomal aberrations level of 1.0± 0.4% and 1.6± 0.6% of
the analyzed cells, respectively. The level of chromosomal aberrations in
male mice after five injections of 20 mgml− 1 of CL-55 was 1.2± 0.5%.

Female mice injected with CL-55 at a dose of 20 mg kg− 1 had
1.6±0.6% chromosomal aberrations. The spontaneous level of chro-
mosomal aberrations in bone marrow cells was 0.8±0.4%
(Supplementary Table 13). Thus, neither a single nor repeated dose of
20 mg kg− 1 of CL-55-induced chromosomal aberrations in the bone
marrow of male and female mice. These results demonstrate that CL-55
does not have mutagenic or potentially carcinogenic activity.

Preclinical pharmacokinetics in mice
CL-55 injected i.p. at a dose of 100 mg kg− 1 in a volume of 50 μl was
chosen for evaluation of the pharmacokinetic parameters in mice. The
blood plasma analysis showed that CL-55 reached a Cmax

(10.98 μg ml− 1) in the plasma 10 min after injection (Table 1) and
disappeared quickly from the bloodstream within 120min post injection
(Figure 5). The high value of the volume of distribution (Vz/F) and high
level of clearance (Cl/F; Table 1) indicated a quick elimination of CL-55
from the blood and its distribution into the organs.

DISCUSSION

In this study we showed for the first time that a heterocyclic
compound from a group of thiohydrazides of oxamiс acids, CL-55,
affects acute Salmonella infection in vivo. We demonstrated that CL-55
significantly decreased mortality and bacterial loads in susceptible and
resistant mice infected with the S. enterica serovar Typhimurium.
Injection of CL-55 at a dose of 10 mg kg− 1 for 4 days significantly
decreased the numbers of Salmonella in the spleens and resulted in a
twofold increase in the survival rates in three strains of mice that
differed in their resistance to Salmonella. Twelve days of therapy
resulted in complete eradication of Salmonella in susceptible BALB/c
mice. We also observed the absence of reactivation of infection during
the additional two months post infection.
To address the activity of CL-55 on Salmonella infection in this

study we employed the S. enterica serovar Typhimurium IV147 strain,
which was found in our previous studies to possess a range of
pathogenic features that makes it suitable for the aim of this study.
First, this strain possesses sufficient virulence to induce an acute lethal
infection with an i.p. LD100 dose of 2.5 × 102 CFU per mouse. This
strain also induces lethal infection in classically susceptible (NRAMPS)
BALB/c mice but also in I/St mice with intermediate susceptibility or
in resistant A/Sn mice. In addition, this strain can induce chronic

Table 1 Pharmacokinetic parameters after i.p. administration of

CL-55

Parameter Mean

t1/2 (h) 0.36

Tmax (h) 0.17

Cmax (μg ml−1) 10.98

AUC0-inf_obs ((μg ml−1) h) 2.98

MRT0-inf_obs (h) 0.35

Vz/F_obs ((μg)(μg ml−1)−1) 347.63

Cl/F_obs ((μg)(μg ml−1)−1 h−1) 670.55

Figure 5 Time course of CL-55 (N-(2,4-difluorophenyl)-4-(3-ethoxy-4-hydroxybenzyl)-5-oxo-5,6-dihydro-4H-[1,3,4]-thiadiazine-2-carboxamide) plasma
concentrations. The samples were collected at 5, 10, 15, 30, 60 and 120 min after administration of 2 mg CL-55 in 50 μl of polyethylene glycol-400.
Samples from five mice were collected at each time point. A full color version of this figure is available at The Journal of Antibiotics journal online.
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systemic infection via an oral route dose of 5 × 105 CFU per mouse in
resistant A/Sn mice and in susceptible I/St mice (data not shown). The
dynamics of survival and bacterial loads of the mice infected with this
strain corresponds to those reported for other strains. This finding
suggests that the data obtained in this study is representative for other
Salmonella strains; however, additional studies are necessary to extend
our finding to clinically important Salmonella strains.
The effect of T3SS inhibitors in vivo is described in a few studies.

A decrease in the bacterial load and inflammation for Chlamydia,
Salmonella and Yersinia but only as prophylactic treatment before
infection17–19 was previously shown.
Eradication of C. rodentium in the model of colitis under the

action of compound aurodox, therapy of which was started
immediately after infection, was also reported;20 however,
inhibiting the action of aurodox on T3SS was demonstrated for
enteropathogenic E. coli but not for C. rodentium, and the
mechanism of action of this compound on the course of
C. rodentium infection is not clear. To the best of our knowledge,
these are the first results that demonstrate a sufficient level of
in vivo therapeutic potency from a compound with anti-T3SS
activity. Previously, we found that CL-55, a compound with
predicted anti-T3SS activity, displays specific activity toward T3SS
and particularly decreased the translocation of IncA in the model of
Chlamydia infection.21 Some preliminary data were also obtained
regarding the activity of CL-55 toward SPI-1 and SPI-2 of
Salmonella (unpublished data). In this study we focused on the
therapeutic potential of CL-55 toward Salmonella infection;
however, direct confirmation of its specificity toward T3SS of
Salmonella needs further assessment.
Additionally, we demonstrated that CL-55 was not carcinogenic or

mutagenic, did not increase the level of chromosomal aberrations in
bone marrow cells and displayed low toxicity in mice, rats and rabbits.
Preclinical pharmacokinetics studies showed that CL-55 quickly

accumulates and is retained in the organs with good blood supply,
which may be due to the high lipophilic nature of this compound.
Easy accumulation of the compound in the target organs suggests the
possibility of achieving therapeutic effects with a relatively low level of
the compound. The ability of the compound to be retained in the
organs might be beneficial for the treatment of chronic infections. Our
results demonstrate the potential of CL-55 for the development of new
antibacterial drugs for the treatment of Salmonella infection.
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