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Abstract: The increasing trend of carbapenem-resistant Acinetobacter baumannii (CRAB) worldwide
has become a concern, limiting therapeutic alternatives and increasing morbidity and mortality
rates. The immunomodulation agent ammonium trichloro (dioxoethylene-O, O′-) tellurate (AS101)
was repurposed as an antimicrobial agent against CRAB. Between 2016 and 2018, 27 CRAB clinical
isolates were collected in Taiwan. The in vitro antibacterial activities of AS101 were evaluated using
broth microdilution, time-kill assay, reactive oxygen species (ROS) detection and electron microscopy.
In vivo effectiveness was assessed using a sepsis mouse infection model. The MIC range of AS101
for 27 CRAB isolates was from 0.5 to 32 µg/mL, which is below its 50% cytotoxicity (approximately
150 µg/mL). Bactericidal activity was confirmed using a time-kill assay. The antibacterial mechanism
of AS101 was the accumulation of the ROS and the disruption of the cell membrane, which, in
turn, results in cell death. The carbapenemase-producing A. baumannii mouse sepsis model showed
that AS101 was a better therapeutic effect than colistin. The mice survival rate after 120 h was 33%
(4/12) in the colistin-treated group and 58% (7/12) in the high-dose AS101 (3.33 mg/kg/day) group.
Furthermore, high-dose AS101 significantly decreased bacterial population in the liver, kidney and
spleen (all p < 0.001). These findings support the concept that AS101 is an ideal candidate for further
testing in future studies.

Keywords: drug repurposing; AS101; carbapenem resistance; Acinetobacter baumannii

1. Introduction

Acinetobacter baumannii is a causative organism of nosocomial infections, including
pneumonia, sepsis and urinary tract infection, and its propensity to acquire multidrug,
extensively drug and pan-drug resistance make it a global threat in healthcare settings [1,2].
Carbapenems were considered as one of the last-line resorts against A. baumannii infections.
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However, due to the increasing consumption of carbapenems, the increasing trend of
carbapenem resistance in A. baumannii (CRAB) worldwide has become a concern, limiting
therapeutic alternatives and increasing morbidity and mortality rates. In a previous
study, Jamie et al. reviewed published reports from nosocomial settings in Latin America
published between 2002 and 2013 [3]. Rates of carbapenem resistance were found as high
as 90% for A. baumannii isolates across Latin America. In a surveillance study in the US,
1490 A. baumannii isolates were collected from healthcare-associated infections during
2009 to 2010, and 80.6% (1201/1490) of the isolates were resistant to carbapenems [4]. In
another surveillance study from Europe in 2019, 6113 isolates of the Acinetobacter species
were reported from 30 countries, and among them, 5953 isolates possessed antimicrobial
susceptibility testing (AST) results for carbapenems [5]. The overall carbapenem-resistant
rate in Europe was 32.6%, whereas the resistant rates in some countries were higher than
50%, particularly in East and Southern Europe.

In this scenario, new drugs are urgently needed, whereas drug development is a
time-consuming, high-investment and high-risk process [6,7]. Thus, drug repurposing is
considered a much more efficient approach as it is economical and riskless in the drug
discovery phase. Anticancer drugs are promising as antimicrobials due to the sample simi-
larities between growing tumors and bacterial infections such as the high replication rates,
high dissemination tendency, high immune system resistance and the tendency to become
insensitive to treatments [8]. Brian et al. discovered that an anticancer drug, mitomycin C
(MMC), has remarkable antibacterial properties against several bacterial pathogens, which
include Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa [9]. Martha et al.
conducted a study where they evaluated the antibacterial effects of MMC against multiple
clinical strains of MDR A. baumannii and increase the survival of Galleria mellonella that was
infected with a lethal dose of each strain from 0 to 53–80% [8].

AS101 was an immunomodulator that can induce human lymphocytes to proliferate
cytokines such as IL-2 and CSF (colony-stimulating factor) secretion [10,11]. An immune-
directed treatment effect of AS101 was also observed in a cecal ligation-and-punctured
mouse model in a previous study [12]. The low toxicity of AS101 including a 50% cyto-
toxic concentration of AS101 in Vero cells (145 µg/mL) and a 50% lethal dose (LD50) for
intravenous injections in mice (10 mg/kg) indicated the potential for clinical use [13,14].
The clinical trial phase I of AS101 for HIV infections and phase I/II studies for exter-
nal genital warts were completed in 2012 and 2013 (NCT00001006 and NCT01555112),
respectively, and it is currently undergoing phase I/II studies in patients with aging macu-
lar degeneration (NCT03216538). Research in various fields has found that AS101 has a
good effect on a variety of diseases, including clinical conditions involving immunosup-
pression, malignant tumors and AIDS, autoimmune diseases, antiviral, antiparasitic and
other diseases [13,15–17]. The antibacterial effects of AS101 were also revealed against
ESBL-producing Klebsiella pneumoniae and Enterobacter cloacae [18,19]. Recently, another
examination of AS101 against colistin and carbapenem-resistant K. pneumoniae also doc-
umented the antibacterial potential of AS101 [20]. According to these contributions, we
aimed to re-evaluate AS101 as a novel antimicrobial agent against carbapenem-resistant
A. baumannii by in vitro antibacterial activities, antibacterial mechanisms and in vivo effec-
tiveness in the sepsis mouse infection model.

2. Results
2.1. Antibacterial Efficacy of AS101 against CRAB Clinical Isolates

Among these 27 CRAB clinical isolates, high resistant ratios were found in the fol-
lowing different classes of antibiotics: meropenem (27/27, 100%), levofloxacin (26/27,
96.3%), ticarcillin (27/27, 100%), ceftazidime (27/27, 100%), doxycycline (25/27, 92.6%)
and gentamicin (22/27, 81.5%). No resistance was found in colistin (0/27, 0%) (Table 1).
Carbapenemase were found in 8 isolates with blaOXA-24, 23 with blaOXA-69, 1 with blaVIM-2
and 1 with blaIMP-1, respectively. AS101 showed antibacterial effect in all the clinical strains,
even though these strains harbored carbapenemase genes. The MIC range was from 0.5–
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32 µg/mL, and 90% of the strains were inhibited by a concentration as low as 8 µg/mL
(Table 1). The MIC values showed are significantly lower than the 50% cytotoxic con-
centration of AS101 in the Vero cell (145 µg/mL), suggesting low cytotoxicity at effective
concentrations [13].

Table 1. Characterization of 27 carbapenem-resistant A. baumannii (CRAB) clinical isolates used in this study.

Bacterial Strains MIC of AS101
Susceptibility to Antimicrobial Agents 1 Gene Detection of

CarbapenemaseCL GM DOX CAZ TIC LEV MEM

TSP-AB-1 8 S R R R R R R blaOXA-24, blaOXA-69
TSP-AB-2 2 S R S R R R R blaIMP-1, blaOXA-69
TSP-AB-3 2 S R R R R R R blaOXA-24, blaOXA-69
TSP-AB-4 8 S R R R R R R blaOXA-24, blaOXA-69
TSP-AB-5 2 S R R R R R R blaOXA-69
TSP-AB-6 8 S R R R R R R blaOXA-69
TSP-AB-7 2 S S S R R I R blaOXA-24, blaOXA-69
TSP-AB-8 8 S R R R R R R blaOXA-69
TSP-AB-9 2 S R R R R R R blaOXA-24, blaOXA-69

TSP-AB-10 1 S R R R R R R blaOXA-69
TSP-AB-11 1 S R R R R R R blaOXA-69
TSP-AB-12 16 S R R R R R R blaOXA-69
TSP-AB-13 32 S R R R R R R blaVIM-2, blaOXA-69
TSP-AB-14 0.5 S R R R R R R -
TSP-AB-15 4 S R R R R R R blaOXA-69
TSP-AB-16 4 S S R R R R R blaOXA-24, blaOXA-69
TSP-AB-17 2 S R R R R R R -
TSP-AB-18 0.5 S R R R R R R blaOXA-69
TSP-AB-19 1 S R R R R R R -
TSP-AB-20 1 S R R R R R R -
TSP-AB-21 2 S I R R R R R blaOXA-24, blaOXA-69
TSP-AB-22 2 S R R R R R R blaOXA-24, blaOXA-69
TSP-AB-23 1 S R R R R R R blaOXA-69
TSP-AB-24 8 S I R R R R R blaOXA-69
TSP-AB-25 1 S R R R R R R blaOXA-69
TSP-AB-26 2 S R R R R R R blaOXA-69
TSP-AB-27 8 S S R R R R R blaOXA-69

Resistant rate N/A 2 0% 81.5% 92.6% 100% 100% 96.3% 100%
N/A0/27 22/27 25/27 27/27 27/27 26/27 27/27

1 Abbreviations: CL, Colistin; GM, Gentamicin; DOX, Doxycycline; CAZ, Ceftazidime; TIC, Ticarcillin; LEV, Levofloxacin; MEM,
Meropenem. Interpretation of antimicrobial susceptibility was according to criteria recommended by CLSI: S, susceptible; I, intermediate;
R, resistant. 2 N/A, not applied.

2.2. Characterization of Antibacterial Activity of AS101

A time-kill assay was performed in a CRAB TSP-AB-03 strain that harbored the
blaOXA-69 and blaOXA-24 genes. In order to understand the antibacterial activity of AS101,
minocycline was selected as the bacteriostatic control agent and rifampin as the bactericidal
control agent (Figure 1a,b). After 8 h, AS101 at 1×, 2× and 4×MIC eliminated more than
99.9% of the bacteria (Figure 1c), showing that AS101 acts as a bactericidal agent against
carbapenemase-producing A. baumannii.
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Figure 1. Time kill curve for A. baumannii TSP-AB-03 with antibiotics. Bacteria were grown with the indicated concentrations
of minocycline (a), rifampin (b) or AS101 (c). Cell densities were measured for three independent cultures by counting the
number of colony-forming units of culture for 24 h. Dotted-dashed lines indicate 99.9% reduction in beginning inoculum.
Dotted lines indicate detection limits. Error bars are the standard deviation from the mean.

2.3. Antibacterial Mechanism of AS101

To understand antibacterial mechanism of AS101, the combination tests of chemical
agents with distinct functions and AS101 were determined. Table 2 showed that the MIC
values of AS101 were significantly decreased when co-cultured with 1 mM EDTA, from 2 to
0.21 µg/mL, indicating that the antibacterial activity of AS101 was strongly impacted by the
outer-membrane permeability and the antibacterial mechanism of action might be inside
the outer-membrane. The MIC values of AS101 were not significant different between the
co-cultured with 10 mM calcium or magnesium ions and the normal group. The drastic
MIC change observed in AS101 is co-cultured with 500 mM Mannitol, increasing from 2 to
24 µg/mL. As an ROS scavenger, mannitol clears the reactive oxygen species (ROS), leading
to the inability of AS101. Taken together, it can be inferred that AS101 enters the bacterial
outer membrane and causes the accumulation of the ROS, eventually leading to the death
of the bacteria. As suggested by the results above, the bactericidal ability of AS101 may
be related to the generation of ROS. DCFH-DA was used to detect the generation of ROS
in CRAB TSP-AB-03 incubated with different concentrations of AS101. Compared with
the control group, the 1×MIC (p < 0.01), 2×MIC (p < 0.01) and 4×MIC (p < 0.01) groups
showed a statistically significant and dose-dependent increasing trend of ROS generation
in CRAB TSP-AB-03 (Figure 2). These results confirmed that ROS generation is related to
the antibacterial activity of AS101.

Table 2. MIC values of AS101 against A. baumannii TSP-AB-03 with the pharmacological manipula-
tions.

Treatment Function MIC of AS101
Mean ± SD (µg/mL) 1

Untreated - 2 ± 0
1 mM EDTA Alteration of outer-membrane permeability 0.21 ± 0.07
10 mM Ca2+ Alteration of outer-membrane charge 4 ± 0
10 mM Mg2+ Alteration of outer-membrane charge 4 ± 0

500 mM Mannitol Reactive oxygen species (ROS) scavenger 24 ± 9.24
1 Results show mean and SD of 3 independent replications in each test.
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Figure 2. Detection of reactive oxygen species (ROS) generation after the treatment of TSP-AB-03
with AS101. ROS were significantly produced when compared with the control group (0 µg/mL).
Data are normalized to viable bacterial counts and expressed as mean ± SD. **, p < 0.01.

2.4. Effect on Bacterial Morphology

The TSP-AB-03 strain was treated with 1×MIC (2 µg/mL) of AS101 and its surface
morphological changes, compared to the untreated group (control), were observed using
a scanning electron microscope (SEM) (Figure 3). Figure 3a,b showed the morphologi-
cal structure of the untreated group was intact and without any damages at 5000× and
10,000×magnification. The morphology of the AS101-treated bacteria was greatly changed
(Figure 3c,d), with cell sinking in the middle that resembles a disruption in the cell mem-
brane integrity. Compared to the untreated group (Figure 4a,b), transmission electron
microscope (TEM) showed that ghost cells were the most evident structural changes found
in AS101-treated bacteria at 12,000× and 20,000× magnification (Figure 4c,d), with also
the distortion of the cell sizes and shape in the micrograph. These SEM and TEM results
suggest that AS101 could lead to cell lysis and the disruption of the cell membrane, which,
in turn, results in cell death.

2.5. In Vivo Administration Test

The therapeutic effect of AS101 on the TSP-AB-03 strain was tested using a mouse
sepsis model that was intraperitoneally injected with a lethally dose of bacteria (108 CFU
in 0.1 mL). The placebo group, 17% (1/6) of the mice, survived and the rest died within 30
h post-infection (Figure 5a). In the negative control (meropenem, 200 mg/kg/day, QID)
group, the same trend was observed; in the positive control (colistin methanesulfonate
(CMS), 40 mg/kg/day, QID) group, the results were slightly improved with 33% (4/12)
mice surviving 120 h post-infection; with the low-dose AS101 (1.67 mg/kg/day), the
mice survival rate after 120 h was 42% (5/12); a great improvement was observed with
the high-dose AS101 (3.33 mg/kg/day), where 58% (7/12) of mice survived after 120
h. These results show that AS101 has a better therapeutic effect on mice infected with
carbapenemase-producing A. baumannii, compared to the currently in clinical use colistin.



Pharmaceuticals 2021, 14, 823 6 of 13Pharmaceuticals 2021, 14, x FOR PEER REVIEW 6 of 13 
 

 

 
Figure 3. SEM image of TSP-AB-03 strain untreated or treated with AS101. The morphology of un-
treated group was observed under a magnification of 5000× and a scale bar of 10 μm (a) and a mag-
nification of 10,000× and a scale bar of 5 μm (b). Those treated with 1× MIC (2 μg/mL) of AS101 were 
captured under a magnification of 5000× and a scale bar of 10 μm (c) and a magnification of 10,000× 
and a scale bar of 5 μm (d). The collapsed appearance (red arrows in (c) and (d)) indicated the AS101 
might attack the bacterial outer membrane. 

 
Figure 4. TEM image of TSP-AB-03 strain untreated or treated with AS101. The morphology of un-
treated group was observed under a magnification of 12,000× and a scale bar of 1 μm (a) and 20,000× 
and a scale bar of 1 μm (b). Those treated with 1× MIC (2 μg/mL) of AS101 were captured under a 
magnification of 12,000× and a scale bar of 1 μm (c) and a magnification of 20,000× and a scale bar 
of 1 μm (d). The irregular peri-sphere and vacuole inside bacterial cell (red arrows in (c) and (d)) 
implied the bacterial cell lysis. 

  

Figure 3. SEM image of TSP-AB-03 strain untreated or treated with AS101. The morphology of
untreated group was observed under a magnification of 5000× and a scale bar of 10 µm (a) and a
magnification of 10,000× and a scale bar of 5 µm (b). Those treated with 1×MIC (2 µg/mL) of AS101
were captured under a magnification of 5000× and a scale bar of 10 µm (c) and a magnification of
10,000× and a scale bar of 5 µm (d). The collapsed appearance (red arrows in (c) and (d)) indicated
the AS101 might attack the bacterial outer membrane.

Figure 4. TEM image of TSP-AB-03 strain untreated or treated with AS101. The morphology of untreated group was
observed under a magnification of 12,000× and a scale bar of 1 µm (a) and 20,000× and a scale bar of 1 µm (b). Those
treated with 1×MIC (2 µg/mL) of AS101 were captured under a magnification of 12,000× and a scale bar of 1 µm (c) and a
magnification of 20,000× and a scale bar of 1 µm (d). The irregular peri-sphere and vacuole inside bacterial cell (red arrows
in (c) and (d)) implied the bacterial cell lysis.
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Figure 5. Mice infected with TSP-AB-03 show improved survival rate after treatment with AS101. (a), CD-1 mice were
intraperitoneally injected with lethal challenges of TSP-AB-03 and treated with 1× PBS (vehicle), meropenem (MEM,
200 mg/kg/day), colistin methanesulfonate (CMS, 40 mg/kg/day) or AS101 at various dosages. Infected mouse viabilities
were observed as 16.7% (1/6) for the vehicle treatment; 16.7% (1/6) for MEM; 33.3% (4/12) for CMS; 41.7% (5/12) for AS101
(1.67 mg/kg/day) and 58.3% (7/12) for AS101 (3.33 mg/kg/day). Bacterial clearance was determined using plating counts
from the liver (b), kidney (c) or spleen (d) of different treated mice. Placebo: n = 3; CMS and AS101: n = 4. Data expressed as
mean ± SD. ns: no significance; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

The mice were sacrificed 18 h post infection, and the liver, kidney and spleen were
collected for the quantification of the bacterial load on organs (Figure 5b–d). Compared to
the placebo group, after treatment with high-dose AS101 (3.33 mg/kg), the mice showed
a significant reduction in liver bacterial load (p < 0.001), while there was no significant
difference with either CMS or low-dose AS101 (1.67 mg/kg) (Figure 5b). Figure 5c showed a
significant reduction in the kidney bacterial load in the groups with low-dose (p < 0.05) and
high-dose (p < 0.01) AS101, while no significant difference was noticed in the group with
CMS. Compared to the placebo group, after treatment with high-dose AS101 (3.33 mg/kg),
the mice showed a significant reduction in the spleen bacterial load (p < 0.001), while there
was no significant difference with either CMS or low-dose AS101 (1.67 mg/kg) (Figure 5d).

3. Discussion

Carbapenem-resistant A. baumannii (CRAB) have become a worldwide problem and
defined as critical priority pathogens for the development of new antibiotics by the WHO
in 2017 [21]. The carbapenem resistance rate increase yearly and the mortality rates for
the most common infections of CRAB approach 60% [22]; in hospitals in London and
Southeast England, 30% of samples collected in over 2 years were found to be CRAB [23];
in Latin America, carbapenem resistance rates were found to be as high as 90% [3]; and
in Australia, Anton et al. recovered 90 A. baumannii isolates from blood specimens from
69 patients, and 58 (64%) were resistant to meropenem [24]. Taiwan has experienced a
rapid increase in A. baumannii complex-related infections since 1990 and the carbapenem-
resistance rate increased from 3.4% in 2002 to 58.7% in 2010. The Taiwan Nosocomial
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Infections Surveillance (TNIS) data showed an increase in the percentage of CRAB complex
infections in the ICU starting from <20% in 2003 to 70% in 2011 [25].

Drug repurposing has been regarded as an alternative strategy for drug development.
Kimberly et al. used a substructure-based literature search that led to the identification of
ciclopirox, an off-patent, topical antifungal drug that was developed approximately forty
years ago [26]. It is active against multidrug resistant E. coli, K. pneumoniae and A. baumannii
with the following MIC ranges: 5–15 µg/mL, 5–15 µg/mL and 5–7 µg/mL, respectively. In
this study, a synthetic organo-tellurium immunomodulator, AS101, was selected for drug
repurposing, owing to its variety of potential therapeutic applications. The MIC range of
AS101 against CRAB was from 0.5–32 µg/mL, and 90% of the strains were inhibited by a
concentration as low as 8 µg/mL (Table 1). These concentrations were significantly lower
than its cytotoxicity concentration (approximately 150 µg/mL), indicating AS101 can be
considered as a highly potential antibacterial agent [13]. The time-kill assay showed that
AS101 acts as a bactericidal agent against carbapenemase-producing A. baumannii and has
a stronger antibacterial activity as the concentration increases (Figure 1).

A previous study showed that divalent cations are necessary to maintain the stability
of the outer membrane [27]. EDTA can be used to chelate these cations, thereby resulting
in a hyperpermeable bacterial membrane. Our result showed that the MIC values of AS101
were significantly decreased when co-cultured with 1 mM EDTA, indicating that a compro-
mised outer-membrane permeability brings rise to the speculation that the antibacterial
mechanism of action might be inside the bacterial cell (Table 2). To further evaluate the
mode of action for this drug, its change in MIC value after the addition of the hydroxyl
radical scavenger [28], mannitol, was evaluated. Our results showed a 12-fold increase in
the MIC of AS101 after the removal of the hydroxyl radicals by mannitol treatment. The
increased ROS level also confirmed that the antibacterial activity of AS101 was related
to the accumulation of ROS (Figure 2). Previous studies documented that the mode of
action for bactericidal antibiotics (β-lactams, quinolones, aminoglycosides), in addition to
their main targets, is also related to the cell death mediated by ROS [29–31]. These data
indicated that AS101 would enter the bacterial outer membrane and cause effects on the
bacterial metabolism, leading to the accumulation of the ROS, and kill bacteria.

Bacterial morphology was observed using SEM and TEM (Figures 3 and 4). The cell
sinks deeper in the middle, which resembles a disruption in the cell membrane integrity
from SEM. This finding was similar to a previous study that evaluated the efficacy of
antibiotic treatment on Clostridium difficile [32]. In the TEM, ghost cells are the most evident
structural changes observed, there is also a distortion of the cell sizes and shapes. Ghost
cells are anucleate cells indicative of bacterial cell death [33]. These results suggest that
AS101 causes cell-lysis to the bacteria, as indicated by the presence of ghost cells and also
disrupts the cell membrane, which, in turn, results in cell death.

Although colistin was one treatment choice against CRAB, treatment efficacy was
poor in these strains. One study evaluated the efficacy of intratracheal CMS, imipenem and
meropenem in BALB/c mice with carbapenem-resistant A. baumannii pneumonia [34], CMS
only showed a 33% mice survival rate at 72 h after inoculation and no significant decrease
in the pulmonary bacterial loads from 24 to 72 h after treatment. It could be assumed to be
as a result of poor tissue penetration and also a slow transformation of CMS into colistin
sulfate in the bronchoalveolar lavage fluid, yet the transformation is a prerequisite for
the antibacterial activity of CMS [35]. Our mouse sepsis model showed that AS101 was a
better therapeutic effect than the currently clinically used colistin (Figure 5a), and the organ
load results showed similar data (Figure 5b–d). Our in vivo results go on to further show
that compared with CMS, AS101 is more effective in reducing the organ bacterial load
and, thereby, recues the mice infected with the carbapenem-resistant A. baumannii strain.
Furthermore, the effective antibacterial dose of AS101 (1.67 and 3.33 mg/kg) was lower
than its 50% lethal dose (LD50) (10 mg/kg), indicating the potential for clinical use [13,14].
These findings support the concept that AS101 is an ideal candidate for further testing in
future studies.
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4. Materials and Methods
4.1. Bacterial Isolates

Between 2016 and 2018, 27 CRAB clinical isolates were obtained from blood specimen
of patients from Kaohsiung Medical University Hospital.

4.2. Antimicrobial Susceptibility Testing

The minimum inhibitory concentration (MIC) of antibiotics were determined using
the standard agar dilution method. Antibiotics included meropenem, colistin, gentam-
icin, doxycycline, ticarcillin, levofloxacin and ceftazidime. Two quality-control strains,
Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853, were employed to val-
idate the result of each testing. The interpretations of susceptibility results were according
to guidelines established by the Clinical and Laboratory Standards Institute (CLSI) [36].

4.3. Antibacterial Activity of AS101

MIC of AS101 was determined using the broth microdilution method. Briefly, AS101
(Development Center for Biotechnology, Taipei, Taiwan) was dissolved in 99% ethanol
(5% final concentration) and diluted with brain–heart infusion (BHI) broth, followed by
serial 2-fold dilution to 0.5–128 µg/mL per well. Final bacterial concentration was 5 ×
105 CFU/mL. The OD600 nm absorbance value was measured using a microplate reader at
0 and 18 h after being cultured in a 37 ◦C incubator. Finally, the MIC value was calculated
based on the change in absorbance.

4.4. Detection of Carbapenemase

Plasmid DNA was prepared using PrestoTM Mini Plasmid Kit (PDH300) (Geneaid,
Taipei, Taiwan). Genomic DNA was purified manually as described in a previous study [37].
PCR methods were used to detect carbapenemase including blaKPC, blaNDM, blaIMP-1,
blaIMP-2, blaNMC, blaSME, blaVIM-1, blaVIM-2, blaSPM-1, blaGIM-1, blaSIM-1, blaIMI, blaGES, blaOXA-24,
blaOXA-48 and blaOXA-69, respectively [38,39]. The positive PCR products were subject to se-
quencing for validation of the results. Positive controls were also included in each reaction
to rule out operation error.

4.5. Time-Kill Kinetics Assay

Time-kill assays were performed as in a previous study [40]. Briefly, bacterial strain
TSP-AB-03 was adjusted to 106 CFU/mL in BHI broth and incubated with 1×, 2× and 4×
MIC of AS101, and 5% ethanol (control) at 37 ◦C. Bacterial population was measured at
different time-intervals (0, 2, 4, 8 and 24 h). Serial 10-fold dilutions were generated in 1×
PBS and plated on LB agar. Plates were then incubated in 37 ◦C for 18 h and the number of
colonies were counted on each plate with the counting interval between 25–250 colonies.
Rifampin and minocycline were used as bactericidal and bacteriostatic agent controls,
respectively.

4.6. Pharmacological Manipulation

MIC values of AS101 with varies chemical agents were determined using the broth
microdilution method according to the aforementioned methods [41]. Thereafter, the
chemical agents (EDTA, Ca2+, Mg2+ and Mannitol) were mixed, individually, with different
concentrations of AS101 to observe any changes in MIC values. Into a 96-microwell plate,
100 µL of each solution was added (in their respective concentrations). Then, 100 µL of
adjusted bacterial solution was added into each well and the absorbance value was read at
0 and 18 h after incubation at 37 ◦C.

4.7. Reactive Oxygen Species (ROS) Generation Test

Intrabacterial ROS were detected using a 2′, 7′-dichlorodihydrofluorescein diacetate
(DCFH-DA) agent as in our previous study [42]. Briefly, bacterial strain TSP-AB-03 was
adjusted to McFarland 0.5 in BHI broth and incubated with DCFH-DA (obtaining a final
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DCFH-DA concentration of 100 µM) for 2 h at 37 ◦C. DCFH-DA-treated cells were collected,
washed with 1× PBS and resuspended to 106 CFU/mL in BHI broth. Bacterial suspension
incubated with 1×, 2× and 4×MIC of AS101, and 5% ethanol (control) for 6 h at 37 ◦C.
Fluorescence intensities were detected with a spectrofluorometric reader at 500 and 530 nm
wavelengths for excitation and emission, respectively. For the normalization, the change in
the fluorescence value between 0 and 6 h was divided by the viable bacterial number. All
experiments were performed in triplicate.

4.8. Electron Microscopy

Electron microscopy was used to observe contribution of AS101 on bacterial morphol-
ogy. Bacterial cells were treated with AS101 at 2 µg/mL MIC for bacterial strain TSP-AB-03
for 1 h prior to collection. Scanning electron microscopy procedures were performed,
as in our previous study [42]. Sample preparation of TEM was the same condition of
SEM and then fixed, stained and prepared following the transmission electron microscopy
procedures, as in a previous study [43].

4.9. Animal Model

Six-week-old ICR (CD1) male mice were purchased from Lasco Biotech and held in
the Kaohsiung Medical University (KMU) Laboratory Animal Center for 1 week prior to
use in all experiments. Procedures were submitted for approval by the KMU Institutional
Animal Care and Use Committee (No. 106191), and all animal experiments were conducted
in accordance with the animal institutional guidelines. The animal study was conducted in
the KMU Laboratory Animal Center, an Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALAC)-accredited facility.

4.10. Bacterial Infection and Survival

The sepsis mouse infection model was established according to previous studies [44,45].
Briefly, mice were injected intraperitoneally with lethal doses of CRAB TSP-AB-03 isolates
(108 CFU) and administrated intraperitoneally with AS101, meropenem, colistin (colistin
methanesulfonate, CMS), or a PBS vehicle 30 min post-infection. Daily doses of AS101
were 1.67 and 3.33 mg/kg; 200 mg/kg meropenem and 40 mg/kg CMS were given 4 times
daily and treatment for all groups continued until 120 h after infection.

4.11. Organ Bacterial Load

The organ bacterial eradication of antibiotic treatments was evaluated in same sepsis
infection model. The mice were sacrificed, and their liver, kidney and spleen were col-
lected in 2 mL of sterile PBS 18 h post-infection. Thereafter, it was homogenized with a
homogenizer. Serial 10-fold dilutions were generated in 1× PBS and plated on meropenem-
containing (2 µg/mL) LB agar. Plates were then incubated in 37 ◦C for 18 h and the number
of colonies were counted. Bacterial count was normalized by organ weight.

4.12. Statistical Analysis

Results of the time-kill assays, ROS detection and organ bacterial load experiments
were expressed as mean ± standard deviation and evaluated using Student’s t-tests. For
survival tests, Kaplan–Meier curves were constructed with GraphPad Prism software (v.7.0)
and analyzed using Mantel–Cox log-rank tests.

5. Conclusions

AS101 displayed strong antimicrobial activity against CRAB. It was able to inhibit
bacterial growth at very low concentrations and improved the survival rates of mice
through reducing the pathogen levels in the liver, kidney and spleen. Above all, the
in vitro and in vivo bactericidal profiles of AS101 indicate that it is an ideal candidate for
the urgently needed new antimicrobial agents against carbapenem-resistant Acinetobacter
baumannii.



Pharmaceuticals 2021, 14, 823 11 of 13

Author Contributions: Conceptualization, S.-P.T. and W.-C.H.; methodology, T.-Y.Y. and L.-C.W.;
validation, L.L., P.-L.L. and H.N.D.; resources, P.-L.L. and S.-P.T.; writing—original draft preparation,
S.-P.T. and T.-Y.Y.; writing—review and editing, W.-C.H.; visualization, H.N.D.; supervision, S.-P.T.
and W.-C.H.; project administration, S.-P.T. and W.-C.H.; funding acquisition, S.-P.T. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Science and Technology of Taiwan (MOST
109-2320-B-037-027 and MOST 110-2320-B-037-020), Kaohsiung Medical University Drug Develop-
ment and Value Creation Research Center (KMU-TC109A03-6), National Sun Yat-sen University-
Kaohsiung Medical University (NSYSU-KMU) Industry-Academia Collaboration (108KN007) and
National Sun Yat-sen University-Kaohsiung Medical University (NSYSU-KMU) Joint Research Project
(NSYSUKMU 109-I005 and 110-I004).

Institutional Review Board Statement: The animal studies in this work were conducted according
to KMU animal institutional guidelines, and were approved by the KMU Institutional Animal Care
and Use Committee (No. 108124).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ali, H.M.; Salem, M.Z.; El-Shikh, M.S.; Abdel-Megeed, A.; Alogaibi, Y.A.; Talea, I.A. Investigation of the Virulence Factors and

Molecular Characterization of the Clonal Relations of Multidrug-Resistant Acinetobacter baumannii Isolates. J. AOAC Int. 2017,
100, 152–158. [CrossRef] [PubMed]

2. Asif, M.; Alvi, I.A.; Rehman, S.U. Insight into Acinetobacter baumannii: Pathogenesis, global resistance, mechanisms of resistance,
treatment options, and alternative modalities. Infect. Drug Resist. 2018, 11, 1249–1260. [CrossRef] [PubMed]

3. Labarca, J.A.; Salles, M.J.; Seas, C.; Guzman-Blanco, M. Carbapenem resistance in Pseudomonas aeruginosa and Acinetobacter
baumannii in the nosocomial setting in Latin America. Crit. Rev. Microbiol. 2016, 42, 276–292. [PubMed]

4. Sievert, D.M.; Ricks, P.; Edwards, J.R.; Schneider, A.; Patel, J.; Srinivasan, A.; Kallen, A.; Limbago, B.; Fridkin, S.; National
Healthcare Safety Network (NHSN) Team and Participating NHSN Facilities. Antimicrobial-Resistant Pathogens Associated
with Healthcare-Associated Infections Summary of Data Reported to the National Healthcare Safety Network at the Centers for
Disease Control and Prevention, 2009–2010. Infect. Control Hosp. Epidemiol. 2013, 34, 1–14. [CrossRef] [PubMed]

5. European Centre for Disease Prevention and Control. Antimicrobial resistance in the EU/EEA (EARS-Net)—Annual Epidemiological
Report 2019; European Centre for Disease Prevention and Control: Stockholm, Sweden, 2020.

6. Towse, A.; Hoyle, C.K.; Goodall, J.; Hirsch, M.; Mestre-Ferrandiz, J.; Rex, J. Time for a change in how new antibiotics are
reimbursed: Development of an insurance framework for funding new antibiotics based on a policy of risk mitigation. Health
Policy 2017, 121, 1025–1030. [CrossRef]

7. Luepke, K.H.; Suda, K.J.; Boucher, H.; Russo, R.L.; Bonney, M.W.; Hunt, T.D.; Mohr, J.F., 3rd. Past, present, and future of
antibacterial rconomics: Increasing bacterial resistance, limited antibiotic pipeline, and societal implications. Pharmacotherapy
2017, 37, 71–84. [CrossRef]

8. Cruz-Muñiz, M.Y.; López-Jacome, L.E.; Hernández-Durán, M.; Franco-Cendejas, R.; Licona-Limón, P.; Ramos-Balderas, J.L.;
Martínez-Vázquez, M.; Belmont-Díaz, J.A.; Wood, T.K.; García-Contreras, R. Repurposing the anticancer drug mitomycin C for
the treatment of persistent Acinetobacter baumannii infections. Int. J. Antimicrob. Agents 2017, 49, 88–92. [CrossRef]

9. Kwan, B.W.; Chowdhury, N.; Wood, T.K. Combatting bacterial infections by killing persister cells with mitomycin C. Environ.
Microbiol. 2015, 17, 4406–4414. [CrossRef]

10. Sredni, B.; Caspi, R.; Klein, A.; Kalechman, Y.; Danziger, Y.; BenYa’Akov, M.; Tamari, T.; Shalit, F.; Albeck, M. A new immunomod-
ulating compound (AS-101) with potential therapeutic application. Nature 1987, 330, 173–176. [CrossRef]

11. Strassmann, G.; Kambayashi, T.; Jacob, C.O.; Sredni, D. The immunomodulator AS-101 inhibits IL-10 release and augments TNF
alpha and IL-1 alpha release by mouse and human mononuclear phagocytes. Cell Immunol. 1997, 176, 180–185. [CrossRef]

12. Kalechman, Y.; Gafter, U.; Gal, R.; Rushkin, G.; Yan, D.; Albeck, M.; Sredni, B. Anti-IL-10 Therapeutic Strategy Using the
Immunomodulator AS101 in Protecting Mice from Sepsis-Induced Death: Dependence on Timing of Immunomodulating
Intervention. J. Immunol. 2002, 169, 384–392. [CrossRef]

13. Indenbaum, V.; Bin, H.; Makarovsky, D.; Weil, M.; Shulman, L.M.; Albeck, M.; Sredni, B.; Mendelson, E. In vitro and in vivo
activity of AS101 against West Nile virus (WNV). Virus Res. 2012, 166, 68–76. [CrossRef]

14. Sredni, B.; Albeck, M.; Kazimirsky, G.; Shalit, F. The immunomodulator AS101 administered orally as a chemoprotective and
radioprotective agent. Int. J. Immunopharmacol. 1992, 14, 613–619. [CrossRef]

http://doi.org/10.5740/jaoacint.16-0139
http://www.ncbi.nlm.nih.gov/pubmed/27765082
http://doi.org/10.2147/IDR.S166750
http://www.ncbi.nlm.nih.gov/pubmed/30174448
http://www.ncbi.nlm.nih.gov/pubmed/25159043
http://doi.org/10.1086/668770
http://www.ncbi.nlm.nih.gov/pubmed/23221186
http://doi.org/10.1016/j.healthpol.2017.07.011
http://doi.org/10.1002/phar.1868
http://doi.org/10.1016/j.ijantimicag.2016.08.022
http://doi.org/10.1111/1462-2920.12873
http://doi.org/10.1038/330173a0
http://doi.org/10.1006/cimm.1997.1087
http://doi.org/10.4049/jimmunol.169.1.384
http://doi.org/10.1016/j.virusres.2012.03.004
http://doi.org/10.1016/0192-0561(92)90122-2


Pharmaceuticals 2021, 14, 823 12 of 13

15. Vonsover, A.; Loya, S.; Sredni, B.; Albeck, M.; Gotlieb-Stematsky, T.; Araf, O.; Hizi, A. Inhibition of the Reverse Transcriptase
Activity and Replication of Human Immunodeficiency Virus Type 1 by AS 101 In Vitro. AIDS Res. Hum. Retrovir. 1992, 8, 613–623.
[CrossRef] [PubMed]

16. Halpert, G.; Sredni, B. The effect of the novel tellurium compound AS101 on autoimmune diseases. Autoimmun. Rev. 2014, 13,
1230–1235. [CrossRef] [PubMed]

17. Rosenblatt-Bin, H.; Kalechman, Y.; Vonsover, A.; Xu, R.H.; Da, J.P.; Shalit, F.; Huberman, M.; Klein, A.; Strassmann, G.; Albeck, M.;
et al. The immunomodulator AS101 restores T(H1) type of response suppressed by Babesia rodhaini in BALB/c mice. Cell Immunol.
1998, 184, 12–25. [CrossRef] [PubMed]

18. Daniel-Hoffmann, M.; Albeck, M.; Sredni, B.; Nitzan, Y. A potential antimicrobial treatment against ESBL-producing Klebsiella
pneumoniae using the tellurium compound AS101. Arch. Microbiol. 2009, 191, 631–638. [CrossRef]

19. Daniel-Hoffmann, M.; Sredni, B.; Nitzan, Y. Bactericidal activity of the organo-tellurium compound AS101 against Enterobacter
cloacae. J. Antimicrob. Chemother. 2012, 67, 2165–2172. [CrossRef]

20. Yang, T.-Y.; Kao, H.-Y.; Lu, P.-L.; Chen, P.-Y.; Wang, S.-C.; Wang, L.-C.; Hsieh, Y.-J.; Tseng, S.-P. Evaluation of the Organotellurium
Compound AS101 for Treating Colistin- and Carbapenem-Resistant Klebsiella pneumoniae. Pharmaceuticals 2021, 14, 795. [CrossRef]

21. World Health Organisation. Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, Discovery and Development of New
Antibiotics; WHO Press: Geneva, Switzerland, 2017; p. 7. Available online: https://www.who.int/medicines/publications/
WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf (accessed on 18 August 2021).

22. Isler, B.; Doi, Y.; Bonomo, R.A.; Paterson, D.L. New Treatment Options against Carbapenem-Resistant Acinetobacter baumannii
Infections. Antimicrob. Agents Chemother. 2019, 63, e01110-18. [CrossRef] [PubMed]

23. Coelho, J.M.; Turton, J.F.; Kaufmann, M.E.; Glover, J.; Woodford, N.; Warner, M.; Palepou, M.-F.; Pike, R.; Pitt, T.L.; Patel, B.C.; et al.
Occurrence of Carbapenem-Resistant Acinetobacter baumannii Clones at Multiple Hospitals in London and Southeast England. J.
Clin. Microbiol. 2006, 44, 3623–3627. [CrossRef]

24. Peleg, A.Y.; Franklin, C.; Bell, J.M.; Spelman, D.W. Emergence of Carbapenem Resistance in Acinetobacter baumannii Recovered
from Blood Cultures in Australia. Infect. Control Hosp. Epidemiol. 2006, 27, 759–761. [CrossRef]

25. Hu, Y.-F. Emergence of carbapenem-resistant Acinetobacter baumannii ST787 in clinical isolates from blood in a tertiary teaching
hospital in Northern Taiwan. J. Microbiol. Immunol. Infect. 2017, 50, 640–645. [CrossRef]

26. Carlson-Banning, K.M.; Chou, A.; Liu, Z.; Hamill, R.J.; Song, Y.; Zechiedrich, L. Toward Repurposing Ciclopirox as an Antibiotic
against Drug-Resistant Acinetobacter baumannii, Escherichia coli, and Klebsiella pneumoniae. PLoS ONE 2013, 8, e69646. [CrossRef]

27. Malhotra, A.; Kakar, P.N.; Arora, D.; Das, S.; Govil, P. Colistin and polymyxin B: A re-emergence. Indian J. Crit. Care Med. 2009, 13,
49–53. [CrossRef]

28. Shen, B.; Jensen, R.G.; Bohnert, H.J. Mannitol Protects against Oxidation by Hydroxyl Radicals. Plant Physiol. 1997, 115, 527–532.
[CrossRef]

29. Hong, Y.; Zeng, J.; Wang, X.; Drlica, K.; Zhao, X. Post-stress bacterial cell death mediated by reactive oxygen species. Proc. Natl.
Acad. Sci. USA 2019, 116, 10064–10071. [CrossRef]

30. Kohanski, M.A.; Tharakan, A.; London, N.R.; Lane, A.P.; Ramanathan, M. Bactericidal antibiotics promote oxidative damage and
programmed cell death in sinonasal epithelial cells. Int. Forum Allergy Rhinol. 2017, 7, 359–364. [CrossRef] [PubMed]

31. Dwyer, D.J.; Kohanski, M.A.; Hayete, B.; Collins, J.J. Gyrase inhibitors induce an oxidative damage cellular death pathway in
Escherichia coli. Mol. Syst. Biol. 2007, 3, 91. [CrossRef] [PubMed]

32. Endres, B.; Bassères, E.; Rashid, T.; Chang, L.; Alam, M.J.; Garey, K.W. A Protocol to Characterize the Morphological Changes of
Clostridium difficile in Response to Antibiotic Treatment. J. Vis. Exp. 2017, 55383. [CrossRef] [PubMed]

33. Mehendiratta, M.; Bishen, K.A.; Boaz, K.; Mathias, Y. Ghost cells: A journey in the dark . . . . Dent. Res. J. 2012, 9, S1–S8.
34. Tang, H.-J.; Chuang, Y.-C.; Ko, W.-C.; Chen, C.-C.; Shieh, J.-M.; Chen, C.-H.; Lee, N.-Y.; Chiang, S.-R. Comparative evaluation

of intratracheal colistimethate sodium, imipenem, and meropenem in BALB/c mice with carbapenem-resistant Acinetobacter
baumannii pneumonia. Int. J. Infect. Dis. 2012, 16, e34–e40. [CrossRef] [PubMed]

35. Bergen, P.J.; Li, J.; Rayner, C.R.; Nation, R.L. Colistin Methane sulfonate Is an Inactive Prodrug of Colistin against Pseudomonas
aeruginosa. Antimicrob. Agents Chemother. 2006, 50, 1953–1958. [CrossRef] [PubMed]

36. Clinical and Laboratory Standards Institute. Performance Standards for Antimicrobial Susceptibility Testing, 30th ed.; CLSI Supplement
M100; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2020.

37. Bou, G.; Oliver, A.; Martinez-Beltran, J. OXA-24, a novel class D beta-lactamase with carbapenemase activity in an Acinetobacter
baumannii clinical strain. Antimicrob. Agents Chemother. 2000, 44, 1556–1561. [CrossRef] [PubMed]

38. Kwong, J.; Lane, C.R.; Romanes, F.; Da Silva, A.G.; Easton, M.; Cronin, K.; Waters, M.J.; Tomita, T.; Stevens, K.; Schultz, M.;
et al. Translating genomics into practice for real-time surveillance and response to carbapenemase-producing Enterobacteriaceae:
Evidence from a complex multi-institutional KPC outbreak. PeerJ 2018, 6, e4210. [CrossRef] [PubMed]

39. Yang, T.Y.; Hung, W.W.; Lin, L.; Hung, W.C.; Tseng, S.P. mecA-related structure in methicillin-resistant coagulase-negative
staphylococci from street food in Taiwan. Sci. Rep. 2017, 7, 42205. [CrossRef] [PubMed]

40. Chang, H.C.; Huang, Y.T.; Chen, C.S.; Chen, Y.W.; Huang, Y.T.; Su, J.C.; Teng, L.J.; Shiau, C.W.; Chiu, H.C. In vitro and in vivo
activity of a novel sorafenib derivative SC5005 against MRSA. J. Antimicrob. Chemother. 2016, 71, 449–459. [CrossRef]

41. Alhanout, K.; Malesinki, S.; Vidal, N.; Peyrot, V.; Rolain, J.-M.; Brunel, J.M. New insights into the antibacterial mechanism of
action of squalamine. J. Antimicrob. Chemother. 2010, 65, 1688–1693. [CrossRef]

http://doi.org/10.1089/aid.1992.8.613
http://www.ncbi.nlm.nih.gov/pubmed/1381205
http://doi.org/10.1016/j.autrev.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25153485
http://doi.org/10.1006/cimm.1998.1251
http://www.ncbi.nlm.nih.gov/pubmed/9626331
http://doi.org/10.1007/s00203-009-0490-y
http://doi.org/10.1093/jac/dks185
http://doi.org/10.3390/ph14080795
https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
http://doi.org/10.1128/AAC.01110-18
http://www.ncbi.nlm.nih.gov/pubmed/30323035
http://doi.org/10.1128/JCM.00699-06
http://doi.org/10.1086/507012
http://doi.org/10.1016/j.jmii.2016.08.025
http://doi.org/10.1371/journal.pone.0069646
http://doi.org/10.4103/0972-5229.56048
http://doi.org/10.1104/pp.115.2.527
http://doi.org/10.1073/pnas.1901730116
http://doi.org/10.1002/alr.21914
http://www.ncbi.nlm.nih.gov/pubmed/28117948
http://doi.org/10.1038/msb4100135
http://www.ncbi.nlm.nih.gov/pubmed/17353933
http://doi.org/10.3791/55383
http://www.ncbi.nlm.nih.gov/pubmed/28570548
http://doi.org/10.1016/j.ijid.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/22088863
http://doi.org/10.1128/AAC.00035-06
http://www.ncbi.nlm.nih.gov/pubmed/16723551
http://doi.org/10.1128/AAC.44.6.1556-1561.2000
http://www.ncbi.nlm.nih.gov/pubmed/10817708
http://doi.org/10.7717/peerj.4210
http://www.ncbi.nlm.nih.gov/pubmed/29312831
http://doi.org/10.1038/srep42205
http://www.ncbi.nlm.nih.gov/pubmed/28181543
http://doi.org/10.1093/jac/dkv367
http://doi.org/10.1093/jac/dkq213


Pharmaceuticals 2021, 14, 823 13 of 13

42. Yang, T.-Y.; Hsieh, Y.-J.; Lu, P.-L.; Lin, L.; Wang, L.-C.; Wang, H.-Y.; Tsai, T.-H.; Shih, C.-J.; Tseng, S.-P. In vitro and in vivo
assessments of inspired Ag/80S bioactive nanocomposites against carbapenem-resistant Klebsiella pneumoniae. Mater. Sci. Eng. C
2021, 125, 112093. [CrossRef]

43. Zahller, J.; Stewart, P. Transmission Electron Microscopic Study of Antibiotic Action on Klebsiella pneumoniae Biofilm. Antimicrob.
Agents Chemother. 2002, 46, 2679–2683. [CrossRef]

44. King, A.M.; Reid-Yu, S.A.; Wang, W.; King, D.T.; de Pascale, G.; Strynadka, N.C.; Walsh, T.R.; Coombes, B.K.; Wright, G.D.
Aspergillomarasmine A overcomes metallo-beta-lactamase antibiotic resistance. Nature 2014, 510, 503–506. [CrossRef]

45. Shen, W.-C.; Wang, X.; Qin, W.-T.; Qiu, X.-F.; Sun, B.-W. Exogenous carbon monoxide suppresses Escherichia coli vitality and
improves survival in an Escherichia coli-induced murine sepsis model. Acta Pharmacol. Sin. 2014, 35, 1566–1576. [CrossRef]

http://doi.org/10.1016/j.msec.2021.112093
http://doi.org/10.1128/AAC.46.8.2679-2683.2002
http://doi.org/10.1038/nature13445
http://doi.org/10.1038/aps.2014.99

	Introduction 
	Results 
	Antibacterial Efficacy of AS101 against CRAB Clinical Isolates 
	Characterization of Antibacterial Activity of AS101 
	Antibacterial Mechanism of AS101 
	Effect on Bacterial Morphology 
	In Vivo Administration Test 

	Discussion 
	Materials and Methods 
	Bacterial Isolates 
	Antimicrobial Susceptibility Testing 
	Antibacterial Activity of AS101 
	Detection of Carbapenemase 
	Time-Kill Kinetics Assay 
	Pharmacological Manipulation 
	Reactive Oxygen Species (ROS) Generation Test 
	Electron Microscopy 
	Animal Model 
	Bacterial Infection and Survival 
	Organ Bacterial Load 
	Statistical Analysis 

	Conclusions 
	References

