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Aminoglycosides exhibit relatively poor activity against intracellular Salmonella enterica serovar Typhimurium due to their low
permeativity across eukaryotic cell membranes. Previously, we identified the unique ability of AR-12, a celecoxib-derived small-
molecule agent, to eradicate intracellular Salmonella Typhimurium in macrophages by facilitating autophagosome formation
and suppressing Akt kinase signaling. In light of this unique mode of antibacterial action, we investigated the ability of AR-12 to
sensitize intracellular Salmonella to aminoglycosides in macrophages and in an animal model. The antibacterial activities of
AR-12 combined with various aminoglycosides, including streptomycin, kanamycin, gentamicin, and amikacin, against intracel-
lular S. Typhimurium in murine RAW264.7 macrophages were assessed. Cells were infected with S. Typhimurium followed by
treatment with AR-12 or individual aminoglycosides or with combinations for 24 h. The in vivo efficacies of AR-12, alone or in
combination with gentamicin or amikacin, were also assessed by treating S. Typhimurium-infected BALB/c mice daily for 14
consecutive days. Exposure of S. Typhimurium-infected RAW264.7 cells to a combination of AR-12 with individual aminoglyco-
sides led to a reduction in bacterial survival (P < 0.05), both intracellular and extracellular, that was greater than that seen with
the aminoglycosides alone. This sensitizing effect, however, was not associated with increased aminoglycoside penetration into
bacteria or macrophages. Moreover, daily intraperitoneal injection of AR-12 at 0.1 mg/kg of body weight significantly increased
the in vivo efficacy of gentamicin and amikacin in prolonging the survival of S. Typhimurium-infected mice. These findings indi-

cate that the unique ability of AR-12 to enhance the in vivo efficacy of aminoglycosides might have translational potential for
efforts to develop novel strategies for the treatment of salmonellosis.

minoglycosides are highly potent, broad-spectrum antibiot-

ics that interfere with protein synthesis by selectively binding
to the 30S ribosomes (1). Although aminoglycosides are effective
against many bacterial pathogens, they exert poor to no activity in
treating intracellular bacterial infections caused by Chlamydia
species (2, 3), Staphylococcus aureus (4), Legionella pneumophila
(5), and Salmonella enterica (6). To overcome this intrinsic prob-
lem, many approaches to increase the entry of aminoglycosides
into host cells, including the use of liposomal (7) and chitosan (8)
encapsulations, have been proposed.

Salmonella enterica is a Gram-negative, rod-shaped, facultative
intracellular pathogen responsible for two major human diseases,
gastroenteritis and typhoid fever (9). S. enterica is a leading cause
of gastroenteritis, and it is estimated that tens of millions of cases
and hundreds of thousands of deaths are related to S. enterica
infection worldwide per year (10, 11). Among more than 2,500 S.
enterica serovars, S. enterica serovar Typhi (here S. Typhi) causes
diseases only in humans, while infection with S. enterica serovar
Typhimurium (here S. Typhimurium) often leads to gastroenteri-
tis in humans and a typhoid-like disease in animals (12). In light of
this host specificity, S. Typhimurium represents a useful model to
evaluate the in vivo efficacy of salmonellosis treatment. During
infection, S. Typhimurium crosses the intestinal mucosa and pro-
liferates intracellularly in macrophages at Peyer’s patches and
lymph nodes. Secondary infection can occur in the liver, spleen,
and bone marrow after hematogenous spread, accompanied by
typhoid-fever-like syndromes (13). In addition, S. Typhimurium
can invade both phagocytic and nonphagocytic cells and prolifer-
ate inside an endosome-like vacuole called the Salmonella-con-
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taining vacuole (SCV) (14). Thus, the cytoplasmic and SCV mem-
branes protect intracellular Salmonella against host cellular
defenses as well as against aminoglycosides and other antibiotics
with poor membrane permeativity (15). Moreover, drug resis-
tance has rendered first-line antibiotics, including amoxillin,
chloramphenicol, and cotrimoxazole, ineffective against more
than two-thirds of Salmonella isolates (16), and the emergence of
the nalidixic acid-resistant and ciprofloxacin-resistant isolates
further limits antibiotic choice for the treatment of Salmonella
infection (17). Thus, development of new therapeutic strategies
for Salmonella infections represents an urgent public health issue.

Previously, we demonstrated that a celecoxib-derived chemical
agent, AR-12 (also known as OSU-03012), exhibits interesting
antibacterial activities against S. Typhimurium and F. tularensis in
macrophages (18, 19). Evidence indicated that the ability of AR-12
to eradicate these intracellular pathogens was attributable to two
mechanisms: induction of autophagy and inhibition of Akt acti-
vation in host cells. In contrast to its effects on intracellular bac-
teria, AR-12 had no direct microbicidal activity against bacteria
residing extracellularly (18). In light of AR-12’s unique mode of

Received 7 July 2014 Returned for modification 6 August 2014
Accepted 22 September 2014

Published ahead of print 29 September 2014

Address correspondence to Hao-Chieh Chiu, hcchiu@ntu.edu.tw.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AAC.03778-14

aac.asm.org 7375


http://dx.doi.org/10.1128/AAC.03778-14
http://aac.asm.org

Lo et al.

antibacterial action against intracellular Salmonella, we investi-
gated the potential synergy between AR-12 and aminoglycosides
in eradicating S. Typhimurium in infected macrophages and
BALB/c mice. Our data indicate that combinations of AR-12 with
individual aminoglycosides led to a greater reduction in bacterial
survival, relative to that seen with aminoglycosides alone, in mac-
rophages and that daily intraperitoneal (i.p.) injection of AR-12 at
0.1 mg/kg of body weight significantly increased the in vivo effi-
cacy of gentamicin and amikacin in prolonging the survival of
bacteria-infected BALB/c mice. This sensitizing effect, however,
was not associated with increased aminoglycoside penetration
into bacterial or host cells. Together, these findings underscore the
translational potential of this combination to foster novel strate-
gies for the treatment of salmonellosis.

MATERIALS AND METHODS

Bacterial strain and macrophage cell lines. Salmonella enterica serovar
Typhimurium ATCC 14028 was obtained from American Type Culture
Collection (Manassas, VA) and cultured in Luria-Bertani (LB) broth
(Athena Enzyme Systems, Baltimore, MD) at 37°C. The RAW264.7 mu-
rine macrophage cell line was purchased from the Bioresource Collection
and Research Centre (Hsinchu, Taiwan) and maintained in Dulbecco’s
modified Eagle medium (DMEM; Gibco-BRL/Invitrogen Corp., Carls-
bad, CA) supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Gibco-BRL) and 4.5 g/liter of p-glucose.

Reagents. AR-12 was synthesized as previously described (20) and
dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO) as
stock solutions. Gentamicin (USB, Santa Clara, CA), amikacin (Yung-
Shin Pharm, Taichung, Taiwan), kanamycin (USB), streptomycin (Bio
Basic, Ontario, Canada), and fluorescein isothiocyanate (FITC)-conju-
gated gentamicin (Bioss, Woburn, MA) were dissolved in sterilized deion-
ized water as stock solutions. Captisol was purchased from Ligand Tech
(La Jolla, CA) and dissolved in normal saline solution before use.

MIC assay. The MIC was determined by the broth microdilution
method as recommended by the Clinical and Laboratory Standards Insti-
tute (21). Bacteria grown overnight on Luria-Bertani (LB) agar plates were
suspended in phosphate-buffered saline to an optical density at 600 nm
(ODyy,) of 0.60, which was equivalent to 5.0 X 10* CFU/ml, and then
diluted in Mueller-Hinton broth to a final concentration of 5.0 X 10°
CFU/ml. The bacteria were treated with aminoglycosides alone at doses
ranging from 0.125 to 64 pg/ml or in combination with 1 pM AR-12 in
96-well plates, and the plates were incubated at 37°C for 24 h. The lowest
concentration with no visible bacterial growth was defined as the MIC.

Analysis of bacterial growth in macrophage culture. After overnight
growth, S. Typhimurium bacteria were inoculated in LB broth at a 1:100
dilution ratio and incubated at 37°C for 2 h. Bacteria were then centri-
fuged at 6,000 X g for 3 min and suspended in phosphate-buffered saline
(PBS) to an ODy,, of 0.60, which was equivalent to 1.20 X 10* CFU/ml.
Cultured RAW264.7 cells were seeded and grown to 5 X 10° cells/well in
6-well plates, after which they were infected by adding S. Typhimurium
suspension into the culture medium at a multiplicity of infection (MOI)
of 25 for 30 min. After infection, cells were washed with warm PBS and
then exposed to 100 pg/ml gentamicin in culture medium for 1 h to
eliminate extracellular bacteria. After gentamicin treatment, cells were
washed with warmed PBS followed by a combined treatment of 1 uM
AR-12 and individual aminoglycosides at concentrations at 4X, 8 X, or
16X the MIC in Mueller-Hinton broth. After 24 h of treatment, cell cul-
ture media were collected and serially diluted with PBS. Cells were washed
with warm PBS, and then intracellular bacteria were harvested by incuba-
tion in PBS with 0.1% Triton X-100 for 10 min at 37°C. The cell lysates
were collected and serially diluted in PBS. Diluted culture medium and
lysates were spread on LB agar plates and incubated at 37°C for 16 h. The
bacterial colonies that grew on the plates were enumerated and expressed
as CFU.
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Analysis of the entry of aminoglycosides into cells. Cultured
RAW264.7 macrophage cells were seeded and were grown to 5 X 10°
cells/well in 6-well plates. Cells were replenished with fresh medium and
incubated for 30 min, followed by treatment with 100 pg/ml gentamicin
for 1 h, and then washed with warm PBS and treated with individual
aminoglycosides alone at concentrations equal to five times the respec-
tive MICs or in combination with 1 uM AR-12 for different intervals.
After treatment, the 6-well plates were placed on ice for 10 min, fol-
lowed by washing with cold PBS and lysis of cells with 400 . cell lysis
buffer containing 150 mM NaCl, 50 mM Tris (pH 7.5), 5 mM EDTA,
and 1% Triton X-100 as described previously (22). The bacterial-
growth-inhibitory activity of cell lysates was determined by 2-fold se-
rial dilution in Mueller-Hinton broth containing 5.0 X 10° CFU/ml of
bacteria and incubation at 37°C for 24 h. The titer of the dilution
without visible bacterial growth was considered the minimum inhibi-
tory titer. Each aminoglycoside was also added into lysates of non-
treated cells as a control for the MIC assay.

For the fluorescent aminoglycoside uptake assay, cultured RAW264.7
cells were seeded and were grown to 2 X 10* cells/well in 96-well plates.
Cells were replenished with fresh medium and incubated for 30 min fol-
lowed by treatment with 100 pg/ml gentamicin for 1 h and were then
washed with warm PBS and treated with 10 pg/ml of FITC-conjugated
gentamicin, alone or in combination with 1 pM AR-12, for different in-
tervals. After treatment, the 96-well plates were placed on ice for 10 min
and washed with cold PBS, followed by fixation with 4% formaldehyde
(Sigma-Aldrich, St. Louis, MO) at 37°C for 30 min. Afterwards, cells were
stained with 5 pg/ml of DAPI (4',6-diamidino-2-phenylindole; AAT Bio-
quest, Sunnyvale, CA) for 20 min and examined using a fluorescence
microscope (IX71; Olympus, Center Valley, PA) equipped with a digital
camera (DP71; Olympus) to capture the images of cell nuclei and genta-
micin-FITC.

In vivo efficacy study. Female BALB/c mice (8 weeks of age) were
purchased from the National Laboratory Animal Center (Taipei, Taiwan).
Mice were housed as groups under conditions of constant photoperiods
(12 hoflight and 12 h of dark) and provided with sterilized water and food
in an animal biosafety level 2 (ABSL-2) room of the Laboratory Animal
Center, College of Medicine, National Taiwan University (Taipei, Tai-
wan). All experimental procedures with the mice were performed in ac-
cordance with protocols approved by the Institutional Animal Care and
Use Committee of the National Taiwan University College of Medicine.
For infection, mice were fasted for 5 h and then received by orogastric
administration 0.2 ml of 5% sodium hydrogen carbonate—PBS, followed
by 10° CFU of S. Typhimurium ATCC 14028 0.2 ml of PBS. Mice were
then randomly assigned to six treatment groups (n = 5 for each group)
that received the following treatments once daily for 14 consecutive days
starting at 72 h postinfection: vehicle (normal saline solution containing
5% DMSO and 5% Captisol), AR-12 (0.1 mg/kg via intraperitoneal [i.p.]
injection), gentamicin or amikacin (50 or 100 mg/kg, respectively, in nor-
mal saline solution via intramuscular [i.m.] injection), or a combination
of AR-12 and individual aminoglycosides. The dose of AR-12 was selected
based on a pilot study in S. Typhimurium-infected mice that showed that
AR-12 at 0.1 mg/kgalready possesses potent antibacterial activity under in
vivo conditions (data not shown). After the end of the treatment period,
mice were monitored for another 14 days to follow animal survival. The
body weight and general health of each mouse were monitored daily, and
mice that exhibited significant signs of illness or a weight loss of >20% of
initial body weight were euthanized. The survival time was defined as the
number of days from infection to when the animal was euthanized.

Statistical analysis. Data are expressed as means = standard devia-
tions (SD). Differences between group means were assessed using a two-
tailed ¢ test for independent samples and were considered significant ata P
value of <0.05. Statistical analyses were performed by using SPSS for
Windows (version 16.0; SPSS, Inc., Chicago, IL).
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FIG 1 In vitro evidence that AR-12 potentiates the anti-Salmonella activity of gentamicin. (A) Structure of AR-12. a.k.a., also known as. (B) Salmonella
Typhimurium-infected RAW264.7 macrophages were exposed to vehicle, AR-12 (1 wM), gentamicin (10 pg/ml), or the combination of AR-12 and gentamicin
for 24 h, and the CFU values of cell lysates (intracellular bacteria; left) and culture medium (extracellular bacteria; middle) and the sum of CFU (total bacteria;
right) were determined. Data are presented as means = SD (n = 3). Statistical significance was examined using a two-tailed ¢ test. *, P < 0.05; **, P < 0.01.

RESULTS

Combined treatments with aminoglycosides and AR-12 re-
duced both extracellular and intracellular Salmonella levels in
infected RAW264.7 macrophages. In a previous study, we dem-
onstrated that AR-12 effectively suppressed the intracellular sur-
vival of S. Typhimurium inside macrophages at submicromolar
concentrations (50% infective concentration [ICg,] of 0.2 uM)
and had no significant cytotoxic effect on macrophage cells (ICs,
of over 10 uM) (18). However, administration of AR-12 had only
a modest effect on the survival of S. Typhimurium-infected
BALB/c mice (18). This low in vivo efficacy might be attributable
to its ineffectiveness with respect to eradication of extracellular
pathogens, as the antibacterial activity of AR-12 is associated with
its ability to eradicate intracellular bacteria by facilitating au-
tophagosome formation and suppressing Akt kinase signaling in
macrophages (18). Pursuant to this premise, we investigated the
effect of combining AR-12 (1 uM) with gentamicin (10 pg/ml; 5X
the MIC) relative to that of each drug alone on suppressing Sal-
monella proliferation in S. Typhimurium-infected RAW264.7
cells. In contrast to our previous short-term study (8-h exposure)
(18), we conducted the drug treatment for 24 h, as we reasoned
that this prolonged exposure allowed intracellular pathogens to
escape and reinfect macrophages in the course of drug treatment,
thereby recapitulating the process that occurs in vivo. As shown in
Fig. 1B, the number of CFU of S. Typhimurium bacteria present in
the medium from vehicle-treated cells far exceeded that of intra-
cellular bacteria, suggesting that the bacteria released from in-
fected macrophages were highly proliferative in culture medium.
This outgrowth in the extracellular environment, in conjunction
with reinvasion, might underlie the very modest suppressive effect
(P> 0.05) of AR-12 alone on the proliferation of both extracellu-
lar and intracellular bacteria. In contrast, gentamicin treatment
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suppressed the growth of extracellular bacteria, thereby reducing
the number of bacteria available to reinfect macrophages, result-
ing in substantial reductions in the numbers of intracellular, ex-
tracellular, and total bacteria (Fig. 1B). The addition of AR-12
reduced the CFU of intracellular, extracellular, and total bacteria
to approximately half of that seen with addition of gentamicin
alone (Fig. 1B). This greater antibacterial efficacy might be attrib-
utable to the abilities of AR-12 and gentamicin to concomitantly
suppress intracellular and extracellular bacterial growth, respec-
tively.

To investigate whether the sensitizing effect of AR-12 was gen-
tamicin specific, we compared the combination of AR-12 (1 wM)
and gentamicin with combinations of AR-12 and other aminogly-
cosides, specifically, amikacin, kanamycin, and streptomycin, at
concentrations corresponding to 4X, 8 X, and 16X their respec-
tive MICs obtained in Mueller-Hinton broth (Table 1) under the
aforementioned experimental conditions. For all aminoglycosides
tested, the addition of AR-12 increased the suppression of intra-

TABLE 1 AR-12 does not enhance the antibacterial activity of
aminoglycosides against Salmonella Typhimurium in different assay
media

MIC (jprg/ml)

DMEM + 10%

MH broth DMEM FBS
Drug treatment DMSO AR-12 DMSO AR-12 DMSO AR-12
Gentamicin 2 2 2 2 2 2
Amikacin 2 2 4 4 4 4
Kanamycin 4 4 8 8 8 8
Streptomycin 16 16 16 16 16 16
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FIG 2 Dose-dependent anti-Salmonella effects of gentamicin (A), amikacin (B), kanamycin (C), and streptomycin (D), alone or in combination with AR-12, in
Salmonella Typhimurium-infected RAW264.7 macrophages. Bacterially infected macrophages were treated with individual aminoglycosides at concentrations
corresponding to 4X, 8, and 16X MICs, alone or in combination with AR-12 (1 uM), and the CFU values of cell lysates (intracellular bacteria; left panels) and
culture medium (extracellular bacteria; center panels) and the combination of the values corresponding to panels A and B (total bacteria; right panels) were
determined. Data represent means * SD (n = 3). Statistical significance was examined using a two-tailed ¢ test. *, P < 0.05; **, P < 0.01.

cellular, extracellular, and total bacterial growth over that seen
with each antibiotic alone at each dose tested (Fig. 2). Together, these
findings suggest the complementary effect of AR-12 and aminogly-
cosides on the growth of intracellular and extracellular S. Typhimu-
rium, resulting in greater antibacterial activity.

The sensitizing effect of AR-12 is not attributable to its abil-
ity to potentiate the antibacterial activity of aminoglycosides.
Although AR-12 exhibits no direct effect on the growth of S. Ty-
phimurium in either LB broth or acidic magnesium minimal me-
dium (18), we could not rule out the possibility that the aforemen-
tioned sensitizing effect was due to the ability of AR-12 to
potentiate the anti-Salmonella activity of aminoglycosides. Pursu-
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ant to this issue, we assessed the MICs of gentamicin, amikacin,
kanamycin, and streptomycin against S. Typhimurium in the
presence of AR-12 (1 wM) or a DMSO vehicle control in Mueller-
Hinton broth, as well as the cell culture medium DMEM alone or
containing 10% FBS. As shown, AR-12 did not affect the antibac-
terial activity of individual aminoglycosides under any of these
assay conditions (Table 1). These results clearly indicate that the
ability of AR-12 to increase the anti-Salmonella activity of amin-
oglycosides was not mediated through modulation of the antibac-
terial activity of the aminoglycosides.

AR-12 does not facilitate the accumulation of aminoglyco-
sides in macrophages. Despite their reported poor membrane
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FIG 3 AR-12 has no effect on the accumulation of gentamicin-FITC in
RAW264.7 macrophages. Cells were treated with gentamicin-FITC (10 pg/
ml), alone or in combination with AR-12 (1 wM), for 24, 72, or 120 h. After
treatment, cellular accumulations of gentamicin-FITC were examined with
fluorescence microscopy.

permeativity, recent evidence indicates that aminoglycosides can
be internalized into phagocytes and macrophages via endocytosis/
pinocytosis (15, 23-25). This finding raised a possibility that the
sensitizing effect of AR-12 might be associated with its ability to
increase uptake/accumulation of aminoglycosides in macro-
phages. However, we obtained two lines of evidence to refute this
possibility.

First, the effect of AR-12 on aminoglycoside uptake was exam-
ined by assessing the accumulation of FITC-conjugated gentami-
cin into RAW264.7 macrophages at 24, 72, and 120 h by fluores-
cence microscopy (Fig. 3). In line with previous reports (25, 26),
our data showed a time-dependent increase in the level of intra-
cellular gentamicin-FITC, which, however, was not affected by
AR-12. Second, we assessed the anti-Salmonella activities of
RAW?264.7 cell lysates after exposing intact cells to individual ami-
noglycosides (gentamicin, amikacin, kanamycin, and streptomy-
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cin) at concentrations corresponding to 5 times the respective
MICs (DMEM; Table 1) in the presence or absence of AR-12 (1
M) for different time intervals (Table 2). In addition, individual
aminoglycosides were added to lysates of mock-treated cells
(mock lysates) or Mueller-Hinton (MH) broth as positive con-
trols for testing MICs (lower panel). Although no appreciable an-
ti-Salmonella activity was noted in any of the lysates from cells
exposed for 24 h (i.e., a minimal inhibitory titer of >1/2), the 72-
and 120-h lysates showed increases in antibacterial activities in-
dicative of time-dependent intracellular accumulations of amin-
oglycosides. Again, cotreatment with AR-12 had no appreciable
effect on the antibacterial activities of these lysates, indicating that
AR-12 did not alter aminoglycoside uptake and accumulation in
macrophages.

Combinations of aminoglycosides with AR-12 improve the
survival of Salmonella-infected BALB/c mice. Pursuant to the
above findings, we examined the in vivo efficacy of the combina-
tion of AR-12 and gentamicin or amikacin in prolonging the sur-
vival of Salmonella-infected BALB/c mice. Female BALB/c mice
were infected with a lethal dose of S. Typhimurium (10> CFU)
and, at 72 h postinfection, were randomly assigned to six groups
that received one of the following treatments once daily for 14
consecutive days (n = 5 for each group): vehicle, AR-12 (0.1
mg/kg administered i.p.), gentamicin or amikacin (50 or 100 mg/
kg, respectively, administered i.m.), or a combination of AR-12
and individual aminoglycosides. In the vehicle and single-agent
treatment groups, mice quickly reached criteria for euthanasia,
i.e., signs of severe illness or =20% body weight loss, with the
following average survival times: vehicle, 4.8 * 0.8 days; AR-12,
6.6 = 1.3 days; gentamicin, 6.0 = 2.0 days; amikacin, 8.4 = 2.7
days (Fig. 4A and B). In contrast, 40% and 60% of mice in the
AR-12-plus-amikacin and AR-12-plus-gentamicin groups, re-
spectively, survived to the end of the 14-day treatment period.
Although the body weights of the remaining three mice in the
AR-12-plus-gentamicin group initially decreased, these weights
either leveled off or rebounded at day 8 or 13 postinfection before
decreasing further after the combination therapy was stopped,
and the mice thereafter reached sacrifice criteria. In contrast, the
two surviving mice in the AR-12-plus-amikacin group survived
the infection and showed no signs of illness or body weight loss for
an extended period of time after the end of treatment (Fig. 4C).

DISCUSSION

In light of the rapid emergence of antibiotic resistance, host-di-
rected therapeutic strategies against intracellular bacteria, includ-
ing activation of innate immunity and blockade of host factors
hijacked by bacteria, have received much attention due to their
abilities to clear intracellular bacteria without exerting selective
pressure (27-29). For instance, adjunct host-directed immuno-
therapy has been shown to improve outcomes of the antibiotic
therapy of tuberculosis (30). Here, we evaluated the therapeutic
effect of aminoglycosides in combination with a host-directed
drug, AR-12, on Salmonella infection in macrophages and BALB/c
mice. These in vitro and in vivo results support our hypothesis that
AR-12 sensitizes intracellular bacteria to aminoglycosides via a
host-targeted mechanism. The in vivo efficacy of combining
AR-12 at a low dose with gentamicin or amikacin in prolonging
the survival of Salmonella-infected BALB/c mice is particularly
noteworthy.

Among the four aminoglycosides assessed for combination
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TABLE 2 AR-12 does not enhance the accumulation of aminoglycosides in macrophages

Minimal inhibitory titer

MIC (p.g/ml)

Treatment 24h 72h 120 h 24h 72h 120 h
Mock >1/2 >1/2 >1/2

Gentamicin (10 pg/ml) >1/2 1/2 1/4

Gentamicin (10 pg/ml) + AR-12 (1 uM) >1/2 1/2 1/4

Amikacin (20 pg/ml) >1/2 1/2 1/8

Amikacin (20 pg/ml) + AR-12 (1 pM) >1/2 1/2 1/8

Kanamycin (40 pg/ml) >1/2 >1/2 1/4

Kanamycin (40 pg/ml) + AR-12 (1 uM) >1/2 >1/2 1/4

Streptomycin (80 pg/ml) >1/2 >1/2 1/2

Streptomycin (80 pwg/ml) + AR-12 (1 pM) >1/2 >1/2 1/2

Mock lysate + gentamicin 2 2 2
Mock lysate + amikacin 2 2 2
Mock lysate + kanamycin 4 4 4
Mock lysate + streptomycin 16 16 16
MH broth + gentamicin 2 2 2
MH broth + amikacin 2 2 2
MH broth + kanamycin 4 4 4
MH broth + streptomycin 16 16 16

with AR-12, gentamicin and amikacin exhibited better antibacte-
rial activities than kanamycin and streptomycin (Table 1). Despite
having the same MIC in Mueller-Hinton broth, the activity of
amikacin against extracellular Salmonella of infected macro-
phages was inferior to that of gentamicin (Fig. 2A and B). This
discrepancy is likely due to the lower antibacterial activity of ami-
kacin in DMEM (Table 1), which might be associated with the

cation content (Ca®"/Mg>") being higher in DMEM than in cat-
ion-adjusted Mueller-Hinton broth (298 versus 37.5 mg/liter)
(31). Higher cation content is known to reduce the antibacterial
activity of aminoglycosides (32). However, from a clinical per-
spective, higher doses of amikacin can be tolerated due to its lesser
nephrotoxicity compared to gentamicin (33).

Although aminoglycosides are able to penetrate into macro-

A Duration of B Duration of
3 treatment 17 3 treatment 17
100 . , 100 L,
i [
. 307 |'mh 80 | Lagly
S H : ES : gentamicin +
s 60+ [*otvy S 60 1 leosvvvrvrvverevyAR-12
2 P50 amikacin+ AR-12 2 : i
> loes > $ i
s 40 *f lyyvryyrvyyvvrrvvYvYy £ 40 1 : lvy
17} ! amikaci a :gentamicin i
20 taooog " 20 —fmock| ¢ iq
mock AI‘R'12§ !
0 T T . T T T T 0 T x?()(m]*n(‘m?(xxx' T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Days post infection Days post infection
€ Amikacin + AR-12 L Gentamicin + AR-12
@ 20 % 20
5 S
5 10 S 10 Days post infection
S S 10 20 30
E 0 £ 0 . L .
% 20 30 %
; -10 Days post infection ; -10
S -20 8 -20
Duration of |E N 4
3 treatment 17 3 Duration of 17
treatment

FIG 4 The combination of aminoglycosides with AR-12 improves the survival of Salmonella-infected BALB/c mice. Three days after intragastric inoculation of
Salmonella Typhimurium (10> CFU), mice were treated once daily with 0.1 mg/kg of AR-12 or vehicle (mock) by i.p. injection and/or with 100 mg/kg of amikacin
or 50 mg/kg of gentamicin by i.m. injection (n = 5 for each treatment group). (A and B) Survival rates, as represented by Kaplan-Meier curves, for the amikacin
and/or AR-12 treatment groups (A) and the gentamicin and/or AR-12 treatment groups (B). (C and D) Percentages of body weight changes of infected mice
treated with the combination of AR-12 and amikacin (C) or gentamicin (D). Each line represents an individual mouse. The black lines indicate mice which
survived till the end of treatment; the gray lines indicate mice which were euthanized during the treatment.
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phages through pinocytosis/endocytosis and are later retained in
phagosomes after fusion with endosomes (15), they show poor or
no activity against intracellular bacteria. This partly results from
the accumulation of aminoglycosides in phagosomes, which be-
come acidified after fusion with lysosomes. As the antibacterial
activity of aminoglycosides decreases in a low-pH environment
(25), the intracellular aminoglycosides are ineffective in inhibiting
intracellular bacteria. Therefore, combining aminoglycosides
with a host-directed antimicrobial agent, such as AR-12, repre-
sents a feasible strategy to eradicate intracellular bacteria.

The therapeutic combination of aminoglycosides and AR-12
led to prolonged survival of Salmonella-infected mice. Three of
five mice receiving the drug combination that included gentami-
cin survived for the entire 14-day treatment period (Fig. 4B). Al-
though these three mice showed some improvement in their body
weights toward the end of the treatment period, they were not able
to maintain this recovery after the withdrawal of drug treatment
(Fig. 4B and D), suggesting that the bacteria within these mice
were not fully cleared during the treatment. Although we also
assessed the combination using a higher dose of AR-12 (0.3 mg/
kg), no significant improvement in the therapeutic effect was
noted in infected mice (data not shown). This finding suggests
that the peak plasma concentration in mice receiving 50 mg/kg of
gentamicin might be insufficient to clear extracellular bacteria. In
contrast to the results seen with gentamicin, two of five mice re-
ceiving the combination of amikacin and AR-12 survived to the
study endpoint (>30 days postinfection), were able to maintain a
consistent body weight, and exhibited no sign of illness after drug
withdrawal, suggesting that these two mice were cured of Salmo-
nella infection. As amikacin has been shown to possess lower
nephrotoxicity and a wider therapeutic window than gentamicin,
it is possible that administration of higher doses of amikacin to-
gether with AR-12 might further improve the survival of Salmo-
nella-infected mice. In addition to the in vivo efficacy, alower drug
resistance rate of amikacin has been observed according to the
antibiograms of Salmonella worldwide. Surveys of Salmonella
clinical isolates conducted in Ghana, Kuwait, United Arab Emir-
ates, India, and Spain showed that the incidence of resistance is
lowest for amikacin among all aminoglycosides (34-37). Thus,
amikacin in combination with AR-12 might be considered a po-
tential candidate for the development of a new therapeutic strat-
egy for treatment of salmonellosis.
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