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Abstract
Background  Acinetobacter baumannii is an obligately aerobic, non-motile, non-fermenting, gram-negative, 
opportunistic pathogen. The fact that this pathogen, which is the leading cause of nosocomial infections, is 
naturally resistant to many antibiotics and quickly acquires new resistance mechanisms gradually limits the 
antibiotic options that can be used in treatment. So, our study aims to investigate the in vitro antibacterial effects of 
eravacycline, a new tetracycline-class antibiotic, and compare this antibiotic with the antibiotics used in the clinic 
to treat the infection caused by A. baumannii. Also, eravacycline was tested in combination with meropenem or 
colistin against A. baumannii strains, which are resistant to colistin and meropenem. The antibiotic susceptibility of 
strains was determined by the microbroth dilution method. In addition, the agar dilution method determined the 
mutant inhibition concentration (MPC) values of the studied antibiotics. To investigate the effects of the antibiotics 
mentioned in our study on biofilm formation, the biofilm-forming abilities of the strains were evaluated by the crystal 
violet staining method. The bactericidal and synergistic effects of the studied antibiotics alone or in combination were 
determined by the time-dependent killing curve (TKC) method.

Results  The present antibacterial susceptibility experiments showed that 98% of the strains were multi-drug 
resistant (MDR). Our results in mutant inhibition studies showed that eravacycline is an antibiotic with the potential 
to prevent the emergence of resistant mutants with its low MPC value. When the effects of antibiotics on biofilm 
formation were investigated in our thesis study, it was determined that 95% of our strains formed biofilm. In biofilm 
inhibition experiments, it was observed that eravacycline at minimum inhibitory concentration (MIC) inhibited 
biofilm formation by 84% alone, 86% combined with colistin, and 85% combined with meropenem. Our combination 
experiments showed that 1×MIC eravacycline-meropenem and 4×MIC eravacycline-colistin combinations were 
synergistic against A. baumannii strains. In addition, the combination of 4×MIC eravacycline-meropenem also showed 
bactericidal activity at the 24th hour. No antagonist effects were detected in our combination studies.

Conclusion  Present results reveal essential pharmacodynamic data on eravacycline, a new antibiotic for treating A. 
baumannii infections, which poses a global threat.
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Background
A. baumannii, a gram-negative, nonmotile, catalase-
positive, oxidase-negative pathogen that thrives well in 
the presence of oxygen, is prevalent in hospital intensive 
care and burn units [1, 2]. A. baumannii is a significant 
nosocomial pathogen that can lead to severe infections, 
including ventilator-associated pneumonia, catheter-
associated bacteremia, urinary tract infections, soft tis-
sue infections, septicemia, meningitis, and endocarditis 
[3].

The high frequency of A. baumannii in nosocomial 
infections is due to this bacterium’s environmental 
resistance, which includes its capacity to thrive in envi-
ronments with limited nutrients and dryness, its resis-
tance to disinfectants, and its extended survival on both 
biotic and abiotic surfaces. In addition, A. baumannii 
poses challenges in treatment due to its virulence fac-
tors, which enable it to avoid the innate immune sys-
tem [4, 5]. Furthermore, these bacteria frequently have 
intrinsic and acquired antibiotic-resistance mechanisms 
that cause MDR variants to appear [6, 7]. A. baumannii 
exhibits multiple drug-resistant mechanisms, with the 
most prevalent modification of penicillin-binding pro-
teins and the chromosomal efflux pump system [8]. The 
enormous adaptive potential of A. baumannii and the 
acquisition and transfer of antibiotic resistance determi-
nants contribute to the failure of the most used therapeu-
tic approaches today [9].

Research indicates that MDR A. baumannii has dem-
onstrated resistance to multiple antibiotic classes, 
including β-lactams, cephalosporins, and carbapenems. 
Recently, the percentage of MDR has increased from 23 
to 63%, which is four times higher than the rate reported 
in other MDR Gram-negative bacteria [10].

According to the 2019 Antibiotic Resistance Threats 
Report by the Centers for Disease Control and Preven-
tion, A. baumannii has emerged as a significant threat 
in healthcare [11, 12]. Currently, A. baumannii exhibits 
resistance to several primary antibiotics, and its infec-
tions are commonly related to MDR [13]. The increased 
usage of first-line beta-lactam antibiotics, such as 
cephalosporins, has resulted in the rapid emergence of 
beta-lactam-resistant A. baumannii strains. Thus, the 
carbapenem antibiotics, which are the most resistant to 
the beta-lactamases except for the carbapenamases, have 
become the preferred antibiotics for MDR A. bauman-
nii infections. Nevertheless, the spread of carbapenem-
resistant strains hampers the efficacy of carbapenems 
and leads to treatment insufficiency. Colistin, previously 

disregarded because of its systemic toxicity, has been 
reintroduced by guidelines as a potential treatment for 
MDR A. baumannii infections. Currently, it is reported 
that there are resistant A. baumannii strains, and colistin 
resistance rates are rapidly increasing for both monother-
apy and combination treatment protocols [14, 15]. There 
is an urgent demand for new medicines to treat infec-
tions caused by MDR A. baumannii effectively.

A new tetracycline compound, eravacycline, is a new 
type of antibiotic called a fully synthetic fluorocycline. It 
has a similar structure to tigecycline and, like other tetra-
cyclines, inhibits bacterial protein synthesis by binding to 
the 30 S ribosomal subunit [16]. It is different from tige-
cycline in the D-ring structure by two changes: a fluorine 
atom replaces the dimethylamine moiety at C-7, and a 
pyrrolidinoacetamido group replaces the 2-tertiary-butyl 
glycylamido at C-9. Eravacycline has exhibited antimi-
crobial efficacy against Gram-positive, Gram-negative, 
and anaerobic bacteria, including drug-resistant Entero-
bacteriaceae and A. baumannii. On the other hand, it 
is least influenced by acquired tetracycline efflux deter-
minants and ribosome protection. These properties of 
eravacycline make it a promising candidate for treating 
infections caused by multidrug-resistant pathogens [17, 
18].

Materials and methods
Bacterial isolates
From January 1, 2021, to December 31, 2022, 100 non-
duplicated A. baumannii isolates were collected from 
intensive care patients at two hospitals. All isolates were 
identified using the VITEK 2 compact system. The Pseu-
domonas aeruginosa standard strain ATCC 27,853 was 
used to confirm that MIC values were within the accu-
racy range declared by the Clinical and Laboratory Stan-
dards Institute (CLSI).

Antibiotics
Eravacycline dihydrochloride (Tetraphase Pharmaceu-
ticals), meropenem trihydrate (Astra Zeneca Pharma-
ceuticals), colistin sulfate (Sigma-Aldrich), cefepime 
(Sigma-Aldrich), tobramycin (Sigma-Aldrich), and 
levofloxacin (Sanofi Pharmaceuticals) were used in 
experiments. According to their manufacturer recom-
mendations, stock solutions of tested antibiotics were 
prepared in water for injection at 5.120 mg/L. Stock solu-
tions of eravacycline, colistin, cefepime, tobramycin, and 
levofloxacin were frozen at -80 ° C and used within six 
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months. Meropenem solutions were prepared on the day 
of use.

Media
Cation-adjusted Mueller–Hinton Broth (CAMHB) was 
prepared daily by adding 25.0 mg of calcium per litre to 
liquid and 12.5  mg of magnesium per litre to Mueller–
Hinton broth (Oxoid Ltd.). This medium was used for 
MICs and TKC studies. Tryptic soy agar (Difco Ltd.) was 
used for colony counts.

Determination of MIC
MICs were determined by the microbroth dilution tech-
nique described in the CLSI guidelines [19]. To perform 
the test series, test tubes were prepared with a broth 
medium to which different concentrations of the anti-
microbial agent were added [20]. Serial twofold dilutions 
ranging from 256 to 0.125 mg/L for the tested antibiotics 
were prepared in fresh CAMHB 96-well microtiter plates. 
The bacterial culture was prepared according to CLSI 
M07 11 ed, standards [20]. To create a broth culture, the 
sterile liquid growth medium CAMHB was inoculated 
with bacteria and placed in an incubator at the appropri-
ate temperature. The inoculum was prepared with a 4- to 
6-hour broth culture. Each bacterial strain was spectro-
photometrically adjusted to OD600 = 0.12–0.13, corre-
sponding to approximately 1 × 108 colony-forming units 
per millilitre (CFU/ml) and further diluted in CAMHB 
to obtain a final concentration of 5 × 105 CFU/ml in the 
test tray. The trays were placed in plastic bags to avoid 
evaporation, incubated at 37 °C for 18–20 h, and visually 
inspected for growth. CLSI interpretative criteria for the 
susceptibility of P. aeruginosa ATCC 27,853 were used.

Determination of the MPC
The MPC for eravacycline, meropenem, colistin, tobra-
mycin, levofloxacin, and cefepime was determined for the 
A. baumannii ATCC 19,606 standard strain. An initial 
inoculum of approximately 1010 CFU/mL was prepared 
from overnight cultures grown in CAMHB for 24  h of 
incubation with shaking at 37 °C. In this assay, 1010 CFU 
of bacteria were applied to TSA plates containing antibi-
otics, each differing by two-fold dilutions (eravacycline 
concentration 2 to 128 mg/L, meropenem 4 to 256 mg/L, 
colistin 4 to 256 mg/L, tobramycin 8 to 512 mg/L, levo-
floxacin 2 to 1280  mg/L, cefepime 16 to 1024  mg/L). 
Plates were incubated for 48  h at 37  °C. The MPC was 
recorded as the lowest antibiotic concentration at which 
no colonies grew on an agar plate [21].

Detection of biofilm formation by the microtiter plate 
assay
In the study, the biofilm formation ability of the 100 A. 
baumannii on polystyrene plates was performed using 

the microtiter plate assay. In brief, the turbidity of each 
isolate grown overnight in 5 ml Tryptic Soy Broth (TSB) 
supplemented with 1% glucose was adjusted to 0.5 
McFarland and diluted in fresh TSB-glucose, yielding a 
final concentration of approximately 1 × 107 CFU/ 200 µl. 
An aliquot of 200 µl of this suspension was added to the 
wells of a 96-well tissue culture microtiter plate (Greiner). 
Sterile TSB-glucose was used as a negative control, while 
A. baumannii strain was used as a positive control. 
Microplates were incubated at 24 h at 37 °C. After incu-
bation, the waste media was aspirated gently. The plates 
were washed with sterile phosphate-buffered saline three 
times to remove planktonic cells in microplate wells and 
then air-dried and fixed with 200 µL of 99% methanol 
for 15 min. The wells were decanted to dry in the air and 
stained with 200 µL of 0.1% crystal violet solution (in 
water) for 5  min. The excess stain was gently rinsed off 
with tap water, and the plates were air-dried. The stain 
was re-solubilized by adding 200 µL of 95% ethanol and 
shaking the plate on an orbital shaker for 30  min. The 
optical density (OD) was measured at OD595 nm using a 
spectrophotometer. The results were categorized as non-
biofilm, weak, moderate and strong biofilm producers 
based on the OD values [22]. The findings were analyzed 
based on the cut-off point between the optical density 
averages of the negative control (ODc) and the tested 
strains (OD). The strains were categorized as non-biofilm 
producers (OD ≤ ODc), weak (ODc < OD ≤ 2×ODc), mod-
erate (2×ODc < OD ≤ 4×ODc) and strong biofilm produc-
ers (4×ODc < OD) [23].

Biofilm attachment assays
An overnight culture of strong biofilm-producing A. bau-
mannii strain was diluted 1/50 to obtain 1 × 107 CFU/200 
µl in TSB supplement with 1% glucose and added to each 
well of a 96-well tissue culture microtiter plate with 1/10 
the MICs of eravacycline, meropenem and colistin and 
their combinations. The plates were incubated for 1, 2, 
and 4 h at 37 °C. Six wells were used for each alone anti-
biotic or antibiotic combination. The positive control was 
the A. baumannii strain in TSB supplemented with 1% 
glucose without antibiotics. After incubation, wells were 
washed with PBS solution and measured at OD 595 nm 
to measure bacterial cell density [24].

Inhibition of biofilm formation
Strong biofilm-producing A. baumannii strain 1 × 105 
CFU/ 200  µl in TSB supplement with 1% glucose was 
incubated at 37  °C, 24  h, with antibiotics (eravacycline, 
meropenem and colistin) or their combinations at 1 MIC, 
1/10 the MIC, and 1/100 the MIC in 96-well tissue cul-
ture microtiter plates. Six wells were used for each anti-
biotic or combination. The positive control was the A. 
baumannii strain in TSB supplemented with glucose 
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without antibiotics. After incubation, wells were washed 
with PBS solution and measured at OD 595 nm to mea-
sure bacterial cell density.

Determination of TKC
TKC assays were performed to observe the dynamics of 
the bactericidal activity of eravacycline, meropenem and 
colistin alone on five isolates of A. baumannii at 1×MIC 
and 4×MIC. TKC assays were also performed to evaluate 
the concentration-dependent bactericidal and synergistic 
activity of eravacycline when combined with colistin and 
meropenem at 1×MIC and 4×MIC, following the CLSI 
[25]. The broth culture from TKC assays was sampled for 
colony counts at 0, 2, 4, 6, and 24 h. In this method, 20 
CFU/ml was the lower detection limit. Bactericidal activ-
ity was defined as a log 10 CFU/ml decrease ≥ 3 in the 
original inoculum within 24  h. synergy and antagonism 
were defined as a log 10 CFU/ml decrease or increase > 2, 
respectively, with CFU/ml at 24 h for the antibiotic com-
bination compared with the most active antimicrobial 
agent alone. The additive effect was described as a log 10 
CFU/ml decrease in colony count < 2 at 24 h by the com-
bination compared with the most active single antimicro-
bial alone.

Statistical analysis
The study’s statistical analysis was performed using 
GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, 
CA, USA). Two-way ANOVA tests followed by Tukey’s 
multiple comparison tests were used to determine the 
statistical significance among the control and antimi-
crobial groups. P-value < 0.0001 indicated statistical 
significance.

Results
Susceptibility
Table  1 shows the MICs of tobramycin, levofloxacin, 
cefepime, meropenem, colistin and eravacycline against 
the 100 strains of A. baumannii.

The results show that 98% of the isolates tested 
exhibited the MDR phenotype, defined as an isolate 
that is not susceptible to at least one agent in at least 

three antimicrobial classes. The MIC ranges of tobra-
mycin, levofloxacin, cefepime, meropenem, colistin 
and eravacycline were found to be 0,25->256  mg/L, 
< 0,125–256  mg/L, 4->256  mg/L, 1->256  mg/L, < 0,125-
>256  mg/L and 0,25–32  mg/L, respectively. According 
to the CLSI breakpoint, the results revealed that 31%, 
3%, 1%, 1%, and 76% of tested strains were susceptible 
to tobramycin, levofloxacin, cefepime, meropenem, and 
colistin, respectively. Eravacycline could not be included 
because the CLSI guidelines do not recommend the 
MIC susceptibility breakpoints for eravacycline against 
A. baumannii. The lowest MIC50 results were 0.25–0.5 
obtained with colistin. Colistin was the second most 
effective antibiotic, with a MIC90 value of 32 mg/L. The 
lowest MIC90 results were 4–8, obtained with eravacy-
cline. Eravacycline showed greater activity than the other 
antibiotics (Table 1).

Determination of MPC
The MPC experiments with the A. baumannii ATCC 
19,606 strain determined the potential of tobramycin, 
levofloxacin, cefepime, meropenem, colistin, and erava-
cycline to inhibit the emergence of mutant strains. The 
MIC and MPC results for tested antibiotics are shown in 
Table 2. The MPC results obtained against the strain for 
tobramycin, levofloxacin, cefepime, meropenem, colistin, 
and eravacycline were 16, 2, 32, 4, > 128, and they were 
twofold higher than their MIC value, respectively.

The MPC values for tobramycin, cefepime, and colistin 
were above the breakpoint value for each antibiotic. For 
levofloxacin, MPC against A. baumannii ATCC 19,606 

Table 1  In vitro activities of tested antibiotics against 100 A. baumannii strains
Antibiotics MIC (µg/ml) Serum concentration (µg/mL)

MIC range %50 %90 MIC50/90 %R
TOB 0.25->256 64–128 256 - >256 1/4 %68 (68) 4–10 [26]
LVX < 0.125-256 8–16 64–128 1/8 %95 (95) 6.4 [27]
CPM 4->256 128–256 256 - >256 1/2 %98 (98) 39.1 [28]
MEM 1->256 64–128 128–256 1/2 %99 (99) 26 [29]
CST < 0.125->256 0.25–0.5 32 1/128 %24 (24) 2 [30]
ERV 0.25-32 2–4 4–8 1/2 * 1–10 [31]
Note: *According to the CLSI 2022 guideline, eravacycline susceptibility data for tested bacteria has not been established. TOB, tobramycin; LVX, levofloxacin; CPM, 
cefepime; MEM, meropenem; CST, colistin; ERV, eravacycline. R, resistance

Table 2  Results of MPC values of A. baumannii ATCC 19,606 
strain
Antibiotics MIC (µg/ml) MPC (µg/ml) MPC / MIC
TOB 8 128 16
LVX 0.5 1 2
CPM 32 1024 32
MEM 2 8 4
CST 2 > 256 > 256 / 2
ERV 2 4 2
TOB, tobramycin; LVX, levofloxacin; CPM, cefepime; MEM, meropenem; CST, 
colistin; ERV, eravacycline
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were below the breakpoint value. No breakpoints for 
eravacycline have been generated yet; eravacycline, simi-
lar to levofloxacin, showed an MPC effect at a concentra-
tion twice its MIC value.

Biofilm formation
The biofilm-forming abilities of 100 MDR A. baumannii 
strains were tested. In the biofilm-positive A. baumannii 
strains, 32% of isolates were strong producers, while 34% 
and 29% were moderate and weak, respectively. The bio-
film-forming abilities of 100 MDR A. baumannii strains 
were tested. Of the 95 biofilm-positive A. bauman-
nii strains, 32% of isolates were strong producers, while 
34% and 29% were moderate and weak, respectively. Five 
strains were not biofilm producers (Table 3).

Biofilm attachment assay
When incubated the 1/10 × MIC of antibiotics with 
strong biofilm-forming strains of A. baumannii for 1, 
2–4 h at 37  °C to determine the adherence to the wells, 
all tested antibiotics inhibited biofilm attachment pro-
cesses. Inhibition rates of adhesion showed a time- and 
concentration-dependent effect. Eravacycline was found 
to be more efficient after four hours of incubation. The 
most potent agent for inhibition of adhesion was eravacy-
cline (up to 30%). This result was statistically significant 
(P < 0.0001) against the control. However, no significant 
antibiofilm inhibition effect was observed in the other 
antibiotics tested compared to the control (Fig. 1).

Inhibition of biofilm formation
The rates of biofilm formation inhibition were dependent 
on concentration, and the highest inhibition rates were 
seen at 1×MICs for all agents, as expected. Eravacycline 
showed significant inhibitory activity against biofilm for-
mation of A. baumannii strains at 24 h. Eravacycline was 
the most efficient agent for inhibiting biofilm formation 

(84%). The concentration-dependent increase in anti-
biofilm activity was seen in eravacycline, and 80% anti-
biofilm activity was detected for meropenem. While it 
was observed that the eravacycline-colistin combination 
inhibited biofilm formation by 86% at 1×MIC, this rate 
was similarly 85% at the eravacycline-meropenem con-
centration. Significant biofilm inhibition was observed 
for all studied antibiotics at 1×MIC values (Fig. 2).

Results of TKC
According to the susceptibility test results, time-kill stud-
ies were performed with four antibiotics (meropenem, 
colistin, and eravacycline) against clinical 4 A. bauman-
nii isolates and A. baumannii ATCC 19,606. Each chosen 
strain has represented a different antibiotic susceptibility 
pattern. The results of the TKC are given in Fig. 3.

The data obtained from the TKC experiments revealed 
that meropenem, colistin, and eravacycline alone did 
not display any bactericidal effect (at least 3log killing) 
against tested strains within 24  h, either at 1×MIC or 
4×MIC.

In the present study, to explore the antimicrobial 
activities of antibiotics in combination, we combined 
eravacycline, a new synthetic, halogenated tetracycline 
antibiotic, with meropenem and colistin, which had 
already been included in the A. baumannii treatment 
protocols.

The synergistic activity of the eravacycline-colistin 
combination at 4×MIC was demonstrated for one of 

Table 3  The biofilm-forming capabilities of 100 MDR A. 
baumannii strains [23]
Microorganisms No 

biofilm
(0)

Weak 
biofilm
(+)

Moderate 
biofilm
(+ +)

Strong 
biofilm
(+ + +)

A. baumannii 
(n = 100)

5% (5) 29% (29) 34% (34) 32% 
(32)

Fig. 1  Inhibition of surface attachment of A. baumannii ATCC 19,606 strain in wells containing antibiotics
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five strains (AB-29); however, the same combination 
at 1×MIC had an additive effect in all studied strains. 
On the other hand, when the eravacycline-meropenem 
combination was used at 1×MIC, it showed a synergis-
tic effect against one of four strains (AB-35); this combi-
nation at 4×MIC had an additive effect against all tested 
strains (Table 4).

Discussion
A. baumannii has become an extremely dangerous 
pathogen responsible for causing life-threatening infec-
tions in communities and hospitals. In the past, tradi-
tional broad-spectrum antibiotics were successful in 
treating infections caused by A. baumannii. However, 
only a limited selection of antibiotics can efficiently com-
bat this pathogen. One of the most significant challenges 
posed by this pathogen is the crisis of antibiotic resis-
tance worldwide [32].

Because of the lack of effective antimicrobials, the clini-
cal management of infections caused by MDR A. bau-
mannii has become more complicated and innovative 
infection management methods have become necessary.

The present study provides data to promote the devel-
opment of new approaches to combat MDR A. bauman-
nii infections. The present study has investigated the in 
vitro effects of various antibiotics alone or combined 
with eravacycline, a new, fully synthetic fluorocycline, 
against five strains of A. baumannii. MDR is the charac-
terisation of resistance to at least one antimicrobial agent 
across three or more categories [33]. According to the 
current study results, 98 out of 100 randomly collected 
isolates were classified as MDR, indicating that the resis-
tance rate in A. baumannii is a crucial problem.

Similarly, Liu et al. investigated the resistance rates of 
128 MDR A. baumannii strains in 2018–2020 in China. 
A 100% resistance rate was detected against ten antibi-
otics, including tobramycin, levofloxacin, cefepime, and 
meropenem [34].

On the other hand, according to the SENTRY Antimi-
crobial Surveillance Program results, colistin resistance 

in A. baumannii was around 6.1% in Europe from 1993 
to 2003, while by 2013–2016, the rate had increased dra-
matically to 10.4%. Turkey is also one of the countries 
with the highest rates of antibiotic resistance [35, 36]. In 
the present study, A. baumannii isolates showed colistin 
resistance with a rate of 24%. Also, a study conducted in 
Korea utilized broth microdilution testing to determine 
the prevalence of colistin resistance, and it displayed a 
resistance rate of 30.6%, which was higher than the pres-
ent study [37].

Although carbapenems are the gold standard medi-
cines for treating A. baumannii infections, meropenem 
resistance was very high, as seen in the present data, 
and it had the lowest susceptibility percentage among 
the antibiotics tested in the investigation. Unfortunately, 
these results make this antibiotic unsuitable for empirical 
treatment for treating A. baumannii infections. The pres-
ent investigation also observed a 24% colistin resistance 
rate; this antibiotic was the most sensitive against tested 
A. baumannii strains. Studies conducted both interna-
tionally and domestically corroborate the results. Colistin 
is still used as a last resort to treat infections caused by 
MDR A. baumannii and P. aeruginosa [38, 39].

There are no established breakpoints for eravacy-
cline against A. baumannii; however, the MIC90 values 
of eravacycline against A. baumannii were the lowest 
among the tested antibiotics. According to the results, 
the MIC90 of eravacycline against A. baumannii was 
eight µg/ml. Eravacycline showed significant in vitro effi-
cacy against MDR A. baumannii isolates. It displayed 
the lowest MIC50 value (4  µg/ml) among the antibiot-
ics tested, compared to colistin (0.5 µg/ml). When com-
pared, the eravacycline MIC 50/90 results were under the 
serum concentration of eravacycline. This data means 
that eravacycline might be an alternative option for treat-
ing MDR A. baumannii infections.

In a study conducted in Turkey, Ozger et al. discovered 
that in 10 carbapenem-resistant A. baumannii (CRAB) 
strains, MIC values for eravacycline and colistin ranged 
from 1 to 4 µg/ml and 0.5 to 256 µg/ml, respectively [40].

Fig. 2  Inhibition of the formation of biofilm by the A. baumannii ATCC 19,606 strain by antibiotics
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Fig. 3  TKC analysis for meropenem, colistin, and eravacycline alone and eravacycline-colistin and -meropenem combination against 5 A. baumannii 
strains. The mean value of antimicrobial effects against five bacteria at 1×MIC (A) and 4×MIC (B). ERV, eravacycline; MEM, meropenem; CS, colistin
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According to the EUCAST guideline, the ranges of 
eravacycline MIC values observed in only 30 A. bauman-
nii strains are as follows: 9, 2/29, and 4/29 for 0.25, 0.5, 1, 
2, and 4 µg/ml.

(​h​t​t​p​​s​:​/​​/​m​i​c​​.​e​​u​c​a​​s​t​.​​o​r​g​/​​s​e​​a​r​c​h). In our study, the MIC 
distributions for 0.25, 0.5, 1, 2, 4, 8, 16, and 32 µg/ml were 
3/100, 4/100, 9/100, 22/100, 29/100, 28/100, 3/100, and 
2/100, respectively. The clinical strains used in these two 
experiments differed, which might explain the differences 
in MIC distribution.

Li et al. conducted a study in China in 2022 to investi-
gate the susceptibility values of eravacycline, imipenem, 
ceftazidime, cefoperazone-sulbactam, ciprofloxacin, 
amikacin, and polymyxin B against MDR A. baumannii 
strains. The MIC90 values of these antibiotics were found 
to be 1, 128, > 512, 128, 512, > 512, and 1 µg/ml, respec-
tively. The study showed that eravacycline and polymyxin 
B had the lowest MIC90 (1 µg/ml) value [41].

The results of the present investigation revealed that 
eravacycline exhibited a promising antibacterial action, 
as evidenced by its lower MIC values compared to other 
antibiotics tested.

These results encourage the hope of using eravacycline 
as an alternative to antibiotic therapy, as it shows fewer 
adverse effects than colistin. They also suggest that erava-
cycline may be a new treatment for MDR A. baumannii 
infections, which have reached alarming levels.

The MPC was described as a novel in vitro measure-
ment of antimicrobial susceptibility and the frequency of 
a microorganism to mutate and develop resistance to a 
given antibiotic [42].

In their study, Cai et al. discovered that the MPC range 
of colistin against 30 MDR A. baumannii strains was 
approximately 32 to > 128 µg/ml. Moreover, the MPC90 
was higher than 128  µg/ml. The MPC/MIC values for 
24 (80%) of the 30 strains in the study were ≥ 128 µg/ml 
[43]. These results are consistent with our study’s colistin 
MPC/MIC results.

A lower MPC/MIC ratio indicates a greater ability 
to prevent the emergence of mutant strains [44]. The 
MPC was described as a novel in vitro measurement 
of antimicrobial susceptibility and the frequency of a 

microorganism to mutate and develop resistance to a 
given antibiotic. In the present study, eravacycline had 
the lowest MPC/MIC value of all the antibiotics exam-
ined with levofloxacin; MPC was two-fold higher than 
MIC (MPC/MIC = 2).

Eravacycline with a low MPC value can inhibit the 
development of drug-resistant mutants. So, the MPC can 
be beneficial in developing therapeutic antibiotic regi-
mens, especially for the long-term therapy of immunode-
ficient individuals.

There is a notable rise in biofilm infections related to 
medical equipment such as prosthetic joints, cardiac 
pacemakers, catheters, and shunts [45]. So, studies on 
the antibiofilm activity of an antimicrobial agent are of 
great importance, and these studies mainly concentrate 
on the early phases of biofilm development. The micro-
organism’s antibiotic resistance is more significant when 
it reaches the mature biofilm stage. For this reason, it is 
essential for the antibacterial effect to prevent the bacte-
ria’s irreversible adhesion to a surface in the early stage 
of biofilm production. The present study determined that 
95% of the tested isolates formed biofilms, and this signif-
icant biofilm production ability makes them particularly 
problematic in nosocomial infections.

In the present study, when the inhibition of biofilm 
formation against microbial biofilms was tested, it was 
observed that 1×MIC eravacycline solution inhibited 
biofilm formation by 84%. The antibiofilm activity of 
meropenem and colistin alone was found to be 80% and 
22.5%, respectively, under the same test conditions. On 
the other hand, the eravacycline-colistin combination 
at 1×MIC inhibited biofilm formation by 86%, while the 
eravacycline-meropenem combination similarly inhib-
ited it at 85%. These results suggest that the antibiofilm 
effect of eravacycline is adequate to prevent the develop-
ment of biofilm-associated infections.

Antibiotic combinations synergising in vitro in immu-
nosuppressed individuals have been linked to promising 
clinical outcomes [46]. On the other hand, combination 
regimens can provide broader coverage than mono-
therapy for possible pathogens, increase the likelihood 
of bactericidal antibiotic concentrations at the infection 

Table 4  Bactericidal and synergistic effects of tested antibiotic combinations against five A. baumannii strains
Combination effects

Erv-Mem Erv -Cst

Strain Antibiotics 1xMIC 4xMIC 1xMIC 4xMIC

Erv Mem Cst S/A Bct S/A Bct S/A Bct S/A Bct
AB- 4 2 8 8 A - A - A - A -
AB-29 4 16 4 A - A - A - S -
AB-35 2 16 4 S - A - A - A -
AB-15 0,5 1 4 A - A + A - A -
AB-ATCC 19,606 2 2 2 A - A - A - A -
Note: S, Synergy: A, Additive; Bct, Bactericidal effect

https://mic.eucast.org/search
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site, reduce the probability of heteroresistant evolution, 
and provide synergy [47–49]. For this reason, especially 
in immunosuppressive patients, they offer a potential 
solution to the problems of A. baumannii infections, 
which are resistant to carbapenems and other antibiotic 
choices.

In the present study, it was investigated meropenem 
and colistin, the antibiotics of choice for treating A. bau-
mannii, in combination with eravacycline for their bac-
tericidal and synergistic effects at 1×MIC and 4×MIC 
for 24  h. TKC assay results showed that eravacycline 
produces bactericidal activity when combined with 
meropenem, which are commonly used to treat Acineto-
bacter infections. This bactericidal effect was determined 
against the strain A. baumannii-15, which is susceptible 
to meropenem and resistant to colistin. This effect was 
present even when eravacycline alone and colistin alone 
were not bactericidal at 24 h.

When the experimental results were evaluated for syn-
ergy, the 1×MIC eravacycline-meropenem combination 
showed a synergistic effect against A. baumannii-35 at 
24 h, while it had an additive effect against the other four 
strains (Fig. 1). In addition, the fact that A. baumannii-35, 
a strain with synergistic effects with a combination of 
1×MIC, was resistant to carbapenems (meropenem MIC 
16 µg/ml) highlights the clinical implications of the syn-
ergistic effect that we identified in our research. Further-
more, it was detected that the additive effects against 
five strains used with 4×MIC antibiotic combinations of 
eravacycline-meropenem (Fig. 1).

A synergistic effect was observed in one (A. bau-
mannii-29) of the five strains we used with the 4×MIC 
eravacycline-colistin combination and an additive effect 
against four strains (Fig. 1). The synergistic effect of the 
4×MIC eravacycline-colistin combination on the A. bau-
mannii-29 strain showing colistin resistance (4  µg/ml) 
shows the clinical importance of the obtained synergis-
tic effect. At the end of 24 h, additive effects against all 
tested strains with 1×MIC antibiotic combinations of 
eravacycline-colistin were detected.

The current in vitro experiment results provide the first 
evidence by the TKC method that the synergistic activ-
ity of eravacycline combinations in strains resistant to 
meropenem and colistin indicates that these combina-
tions are candidates for evaluation in vivo clinical investi-
gations. Combination therapies with agents with different 
mechanisms of action will slow down resistance develop-
ment, which has become a significant clinical problem, 
especially in colistin-resistant A. baumannii strains.

According to a study by Li et al., using the checker-
board method to investigate the synergistic effect of 
eravacycline against carbapenem-resistant gram-negative 
strains [41], the eravacycline-polymyxin B combination 
was found to be the most effective combination against 

Escherichia coli and Klebsiella pneumoniae with 30% 
synergism. Also, Deolankar et al. conducted a study to 
evaluate the effectiveness of eravacycline in combination 
with amikacin, meropenem, ceftazidime, levofloxacin, 
ampicillin-sulbactam, and trimethoprim-sulfamethoxa-
zole against an MDR A. baumannii. That strain also had 
a low MIC against eravacycline. As a result of the study, 
additive and synergistic combinations were observed 
only for eravacycline and amikacin [50].

Another study by Ozger et al. investigated the activity 
of eravacycline in combination with colistin on ten CRAB 
isolates using the checkerboard synergy test; no antago-
nism was observed between eravacycline and colistin, 
and 10% synergistic and 30% additive effect was observed 
[51]. This study’s findings substantiate our research and 
demonstrate that combining colistin and eravacycline 
can be a therapeutic alternative for treating CRAB and 
MDR A. baumannii-related infections.

Conclusion
In conclusion, eravacycline, a recently developed anti-
biotic derived from tetracycline, might be an option for 
treating A. baumannii infections. This is due to its low 
MIC and MPC, its enhanced bactericidal activity when 
combined with meropenem and colistin, and its ability 
to prevent the formation of biofilms. Additionally, the 
gained data have shown synergy at 1×MIC and 4×MIC, 
implying that these results might present promising alter-
natives for treating severe A. baumannii infections. Our 
findings, which include critical eravacycline pharmaco-
dynamic parameters, will guide future clinical research.

The present study has some limitations. The number 
of bacterial isolates included was limited, and they may 
not represent all A. baumannii isolates. In this work, we 
only performed time-kill tests to assess the effectiveness 
of antibiotic combinations in vitro. Using the 4×MIC of 
colistin presented a challenge in achieving adequate con-
centration levels to treat the infection.
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