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Abstract: Acinetobacter species are among the most life-threatening Gram-negative bacilli, causing
hospital-acquired infections, and they are associated with high morbidity and mortality. They
show multidrug resistance that acts via various mechanisms. In Acinetobacter baumannii, efflux
pump-mediated resistance to many antimicrobial compounds, including tigecycline, has been widely
reported. Natural compounds have been used for their various pharmacological properties, including
anti-efflux pump activity. The present study aimed to evaluate the efflux pump-mediated resistance
mechanism of Acinetobacter baumannii and the effect of (+)Usnic acid as an efflux pump inhibitor with
tigecycline. For detecting the efflux pump activity of tigecycline-resistant Acinetobacter baumannii
isolates, microbroth dilution method and real-time quantitative reverse transcription–polymerase
chain reaction was used. (+)Usnic acid was added to tigecycline and tested by the checkerboard
method to evaluate its efficacy as an efflux pump inhibitor. qRT-PCR analysis was carried out to show
the downregulation of the efflux pump in the isolates. Out of 42 tigecycline-resistant Acinetobacter
baumannii isolates, 19 showed efflux pump activity. All 19 strains expressed the adeB gene. (+)Usnic
acid as an adjuvant showed better efficacy in lowering the minimum inhibitory concentration
compared with the conventional efflux pump inhibitor, carbonyl cyanide phenylhydrazone.
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1. Introduction

Multidrug-resistant Acinetobacter species commonly cause hospital-acquired infec-
tions. Individuals infected with MDR A. baumannii (MDRAb) have an extended period of
hospitalization and also have a high mortality rate [1]. According to the Infectious Diseases
Society of America (ISDA), A. baumannii has been categorized as a “red alert” bacterium that
poses a serious threat to antibacterial therapy. Numerous studies have revealed the high
prevalence of multidrug resistance in A. baumannii, and it can vary significantly by country,
city, and hospital. Due to this, MDRAb infections cause high mortality in the critically
ill, ranging from 26% to 68% [2]. Among the 18 major drug-resistant threats identified by
the Centers for Disease Control and Prevention (CDC), carbapenem-resistant A. baumannii
requires immediate attention to prevent infection or reduce antibiotic resistance [3]. Nu-
merous hospital and community surveillance programs, as well as the Infectious Diseases
Society of America (ISDA), have also identified the “ESKAPE pathogens” (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumonae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species), responsible for dangerous nosocomial infections [4,5].
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Patients admitted to intensive care units and burn units are the primary carriers of MDRAb
due to their immunocompromised state. MDRAb has been associated with a variety of bac-
terial infections, including sepsis, ventilator-associated pneumonia (VAP), and meningitis.
Concerns about A. baumannii infections have been raised as a result of multidrug resistance
and thus treatment options for of MDRAb are limited [6].

Earlier published studies have demonstrated an association between multidrug efflux
pumps and the development of resistance to a variety of chemicals, including antibi-
otics [7,8]. Efflux pumps can contribute to the development of antibiotic resistance by
decreasing antibiotic concentrations within the microorganism. Additionally, it has been
demonstrated that inhibiting efflux pumps can enhance the antibacterial activity of antibi-
otics and other drugs [8]. Compounds such as carbonyl cyanide 3 chlorophenylhydrazone
(CCCP) and phenylalanine–arginine β naphthylamide (PAβN) have been shown to inhibit
a variety of efflux pumps, including AdeABC, AdeFGH, and AdeIJK, although these are
not approved for clinical use due to their toxicity [8,9].

AdeABC consists of three proteins: an outer membrane protein denoted as adeC,
a transporter protein denoted as adeB, and a fusion membrane protein denoted as adeA. The
function of adeB is to transport substances from the cytoplasm or within the phospholipid
bilayer, which is an important mechanism of the development of resistance in Acinetobacter
species [10]. The expression of AdeABC is regulated by a two-component system called
AdeR–AdeS, which consists of a response regulator and a sensor kinase [11]. Increased
expression of the resistance–nodulation–cell division (RND) genes AdeIJK, AdeFGH, and
AdeABC has been associated with tigecycline resistance [12–14]. Overexpression of the
adeB gene, which encodes the AdeB efflux protein, is associated with MDRAb strains [15].

Tigecycline (TGC) was one of the first glycylcyclines approved by the Food and Drug
Administration (FDA) because of its potent antimicrobial activity against MDRAb. Tigecy-
cline and colistin are used as alternative treatments for carbapenem-resistant Acinetobacter
isolates [16]. Antibiotic resistance to tigecycline has been identified in some instances as a
result of unrestricted use. Studies have shown that the resistance rates of tigecycline and
colistin are 74.2% and 53.1%, respectively [17,18]. Previous studies also demonstrated the
role of increased adeB gene expression in tigecycline-resistant Acinetobacter isolates [19].

The presence of multidrug resistance in these bacteria necessitates the development of
novel therapeutic strategies and drugs. Due to their safety, “natural” products derived from
plant materials have gained global attention as new antimicrobial compounds, particularly
in traditional medicine. It is well-established that the secondary metabolites of plants
possess antibacterial properties and the ability to modulate resistance. The adverse effects
of conventional antibiotics can be minimized by the use of such compounds. Combination
therapy has proven effective in the treatment of Gram-negative bacterial infections and
drug-resistant tuberculosis in several studies. Numerous studies have shown that a variety
of plant-derived bioactive compounds act synergistically with commonly used antibiotics
to enhance their efficacy [20].

Usnic acid (UA) is a lichen-derived secondary metabolite that is abundantly present
in Usnea, Ramalina, and Cladonia. Secondary metabolites are produced when cyanobac-
teria and lichens interact. The UA dextro-isomer derived from these lichens has been
investigated for a variety of biological properties, including antibacterial activity. Due to
its structural and physicochemical properties, UA exhibits a variety of biological effects:
antimicrobial, analgesic, anti-inflammatory, antiviral, and anticancer. The antibacterial
properties of lichen extracts and compounds have been studied in detail [21–23]. UA’s
exact mechanism of action is unknown, but it may be due to the inhibition of calcium ion
(Ca2+) influx into the cell [24].

The present study aimed to demonstrate the expression of an adeB gene in tigecycline-
resistant A. baumannii isolates and the use of (+)UA as an adjuvant efflux pump inhibitor
(EPI).
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2. Results
2.1. Bacterial Isolates

The study included 100 non-repeated preserved isolates from two different centers.
The majority of the isolates (39%) were from endotracheal tubes, followed by pus (24%) and
other sources (37%). Preliminary results of antibiotic susceptibility testing by the VITEK
method on MDR strains revealed that 42 isolates (42%) were resistant to tigecycline. The
antimicrobial susceptibility profiles of 100 isolates for various antibiotics and tigecycline,
as determined by VITEK, are shown in Table 1. Except for colistin, all other antimicrobial
agents demonstrated a high level of resistance (p < 0.001).

Table 1. Antimicrobial susceptibility profile of Acinetobacter isolates (n = 100).

Sl. No: Antibiotic Resistance Sensitive

1 Piperacillin/tazobactum 53 47

2 Amikacin 49 51

3 Ciprofloxacin 56 44

4 Tetracycline 54 46

5 Imipenem 47 53

6 Meropenem 50 50

7 Tigecycline 42 58

8 Colistin 2 98

X2 = 87.26, df = 7, p < 0.001 (statistics are expressed as the frequency of the antimicrobial susceptibility profile in
100 A. baumannii isolates). Statistical analysis was performed to detect the susceptibility pattern of the antibiotics
used for treating A. baumannii and was statistically significant.

2.2. MIC Determination of Tigecycline

All 42 tigecycline-resistant isolates identified by VITEK were further assessed by the
microbroth dilution method to confirm their tigecycline resistance. The MIC range for
tigecycline was found to be 4 µg/mL to 128 µg/mL. As there were no specific breakpoints
for tigecycline susceptibility, the US FDA-recommended breakpoint values (Enterobac-
teriaceae ≤2 mg/L as sensitive, 4 mg/L as intermediate resistance, and ≥8 mg/L as
resistant) were considered for testing Acinetobacter isolates against tigecycline [25]. When
the MIC was determined using the microbroth dilution method in the 42 tested isolates,
40 isolates were found to be resistant to tigecycline (≥8 µg/mL), while two isolates were
found to have intermediate resistance to tigecycline (4 µg/mL). The detailed antimicrobial
susceptibility profiles of all 42 tigecycline-resistant A. baumannii isolates are provided in
the supplementary file.

2.3. Detection of Efflux Pump Activity Using CCCP as an EPI

Out of 42 tigecycline-resistant isolates, only 19 isolates demonstrated a ≥4-fold re-
duction in tigecycline resistance when treated with tigecycline and CCCP compared with
tigecycline alone, as demonstrated in Table 2.
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Table 2. Phenotypic detection of an efflux pump in tigecycline-resistant isolates by using CCCP and the associated MIC fold
reduction, along with adeB gene expression levels.

Sl.No. Isolate TGC Alone (µg/mL) TGC + CCCP (µg/mL) Fold Reduction Expression of adeB

1 AI 1444 32 1 32 0.96

2 AI 7574 128 2 64 1.03

3 AI 8164 32 1 32 0.97

4 AI 646-2 64 1 64 0.99

5 AI 2796 16 16 1

6 AI 670 8 8 1

7 AI 7819 64 64 1

8 AI 646-5 16 2 8 0.3

9 AI 4185 8 8 1

10 AI 829 8 2 4 0.2

11 AI 6142 64 2 32 0.97

12 AI 1187 16 16 1

13 AI 2563 64 64 1

14 AI 6044 8 8 1

15 AI 7783 16 16 1

16 AI 6553 8 2 4 0.3

17 AI 5678 8 1 8 0.3

18 AI 6538 16 2 8 0.57

19 AI 8625 32 32 1

20 AI 3990 32 2 16 0.81

21 AI 3699 64 64 1

22 AI 4727 128 128 1

23 AI 4888 8 2 4 0.4

24 AI 3074 32 2 16 0.63

25 AI 3927 4 4 1

26 AI 6960 128 128 1

27 AI 899 32 1 32 0.97

28 AI 6428 16 2 8 0.47

29 AI 7703 16 16 1

30 AI 3636 64 64 1

31 AI 6372 8 8 1

32 AI 306 32 32 1

33 AI 2760 64 1 64 0.99

34 AI 1259 16 16 1

35 AI 8426 8 8 1

36 AI 5096 64 64 1

37 AI 2540 16 2 8 0.43

38 AI 7496 16 4 4 0.36

39 AI 5289 64 2 32 0.98

40 AI 3840 32 32 1

41 AI 2368 8 8 1

42 AI 2218 4 4 1

Fold reduction in tigecycline following treatment with CCCP in tigecycline-resistant isolates. The bold font indicates isolates that showed a
≥4-fold reduction with CCCP; adeB expression was analyzed in these isolates. The adeB gene expression is given as the fold change in
expression levels obtained via qRT-PCR analysis. The empty wells were not analyzed for qRT-PCR as they did not show any fold reduction
with CCCP.
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2.4. Quantitative Analysis of the adeB Gene in A. baumannii Isolates

Real-time quantitative reverse transcription–polymerase chain reaction (qRT-PCR)
was used to detect adeB gene overexpression in 19 tigecycline-resistant isolates, which
showed a ≥4-fold reduction in tigecycline resistance when samples were treated with
CCCP (CCCP-positive samples). A tigecycline-sensitive strain was used as a control to
compare the expression of the CCCP-positive strains in this analysis. Twelve (63.2%) of the
19 strains had a high level of expression of the adeB gene. When treated with CCCP as an
EPI, all of these 12 strains had a higher fold reduction in MICs. The remaining seven (36.8%)
of the 19 strains showed a lower level of gene expression. The statistical significance of the
all three methods has been mentioned in detail in Figure 1.
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Figure 1. (i) (a) Resistant isolates compared with (b) intermediate resistance isolates, indicating
statistical significance (p = 0.008) (n = 42 isolates; a = 40 isolates; b = 2 isolates). (ii) The fold reduction
in tigecycline resistance between the (a) resistant isolates and (b) the intermediate resistance isolates
when treated with CCCP as an EPI. No statistical significance was observed (p = 0.420) (n = 19 isolates;
a = 12 isolates; b = 7 isolates). (iii) There was a statistically significant difference between the mean
values of (a) high expression and (b) low expression of the adeB gene according to the qRT-PCR
analysis (p = 0.002) (n = 19 isolates; a = 12 isolates; b = 7 isolates). All values are means ± SEM.

2.5. Antibacterial Activity of (+)Usnic Acid against the AI 7574 Isolate

The isolate AI 574 was chosen for further antibacterial activity analysis via the mi-
crobroth dilution method due to its high MIC (128 µg/mL) and its high fold reduction
(64-fold) when treated with CCCP. The antibacterial activity of (+)Usnic acid against AI
7574 was determined using the microbroth dilution method in a 96-well microtiter plate.
The MIC of (+)Usnic acid was found to be 1024 µg/mL.

2.6. Checkerboard Synergy Assay

TGC’s MIC against the AI 7574 isolate was 128 µg /mL, whereas (+)UA showed
antibacterial activity at 1024 µg/mL; (+)UA was used at subinhibitory concentrations
for this assay. TGC’s MIC was reduced to 0.5 µg/mL (256-fold) when combined with
(+)UA, indicating synergy (FICI = 0.03125, FICI 0.5). When CCCP and tigecycline were
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combined, the MIC of tigecycline was reduced by 1 µg/mL (128-fold), indicating synergy
(FICI = 0.0911, FICI < 0.5). These findings indicate that (+)UA has significant synergy with
tigecycline. The FICI concentrations are given in Table 3.

Table 3. FICI concentrations for TGC + (+)UA and TGC + CCCP.

Drug A Drug B Drug A Concentration
in Combination FICA FICB FICi (FICA + FICB)

Drug A (TGC) + Drug B (UA) 128 1024 0.666 0.005 0.0260 0.031
Drug A (TGC) + Drug B (CCCP) 128 256 1 0.00781 0.0976 0.105

The test was performed in triplicate and mean values were used for the calculation.

2.7. Ethidium Bromide Agar Cartwheel Test

The efflux pump inhibitory activity of (+)UA was determined via the EtBr agar
cartwheel method using the isolate AI 7574, which expressed the efflux pump adeB gene.
To determine efflux inhibition, the control (untreated isolate), the standard (treated with
25 µg/mL CCCP), and the test (treated with 32 µg/mL (+)UA) isolates were used in the
EtBr agar cartwheel test. In comparison with the control (untreated), the standard and test
(treated) isolates both exhibited fluorescence, indicating that efflux pumps were inhibited
(Figure 2).
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Figure 2. EPI activity of UA, as determined by the ethidium bromide agar cartwheel method,
compared with CCCP in AI 7574. (a) Untreated; (b) treated with (+)UA; (c) treated with CCCP.
Compared with (a) (untreated), fluorescence is seen in (b) and (c).

2.8. qRT-PCR Analysis of Treated and Untreated AI 7574

The differences in the adeB gene expression levels between untreated and treated
strains are illustrated in Figure 3, as determined by agarose gel electrophoresis. The
16Sr RNA gene was used as an internal control to ensure that equal amounts of RNA were
used in the qRT-PCR analysis. The results of qRT-PCR between the treated and untreated
samples revealed that the expression of the adeB gene was significantly reduced in the
presence of a combination of TGC and (+)UA (0.65-fold reduction) when compared with
the standard group; the combination of TGC and CCCP (0.79-fold), TGC alone (0.963-fold),
and the untreated group (1-fold) showed a statistically significant difference among the
groups, as shown in Figure 4 (p = 0.002). The adeB gene was highly expressed before
exposure to (+)UA and TGC. The adeB gene expression level remained relatively constant
in the samples and controls.
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Figure 4. Efflux pump inhibition activity determined by qRT-PCR for AI 7574. Values are presented
as means ± SEM (n = 3 each, triplicate data of each group). Untreated: AI 7574 isolate alone;
TGC = tigecycline alone; TGC + CCCP = tigecycline + carbonyl cyanide m-chlorophenylhydrazone;
TGC + (+)UA = tigecycline + (+)Usnic acid. Compared with the standard, a statistical reduction
in expression levels with TGC + (+)UA was seen. P is the statistically significant difference in the
mean values among the groups. F is the cumulative probability distribution among the groups.
a: Significantly different from the untreated group. b: Significantly different from the TGC group.

3. Discussion

The FDA recommends the use of antibiotics such as colistin, minocycline, and tige-
cycline to treat MDRAb infection [26]. However, tigecycline resistance is becoming more
prevalent. In the current study, 42% of the A. baumannii isolates were resistant to tigecycline,
while 58% of the A. baumannii isolates were susceptible to tigecycline, which is consistent
with the findings of previous reports of 41.3% resistance [27]. The present findings indicate
that in 45.23% of isolates, the MIC was reduced more than fourfold when CCCP was used.
In previous studies, CCCP significantly reduced the MIC of Acinetobacter species strains
two- to fourfold in 51.35% of isolates [28]. The current study found that 12 (64.3%) of the
19 A. baumannii isolates were resistant to tigecycline and expressed a high level of adeB
gene expression, as well as an increased fold reduction in response to tigecycline when
combined with CCCP. The remaining seven (36.84%) of the 19 isolates showed a low level
of gene expression with a lower fold reduction in response to CCCP, which is consistent
with the findings of Yang et al., who found that 50% and 70% of adeB and abeM genes
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were overexpressed, respectively. Tigecycline resistance was reduced when tigecycline
combined with CCCP as an EPI [29]. The AdeABC efflux pump may play a significant
role in the tigecycline resistance of Acinetobacter species [29]. The overexpression of adeB
in the isolates that exhibited the strongest MIC fold reduction when treated with EPI
(EPI-responsive isolates) demonstrates the action of efflux pump inhibition. Inhibition of
the RND functional drug efflux system, specifically adeB, is possible [15]. These findings
establish a link between drug efflux pumps and resistance in isolates of Acinetobacter. The
current study found that all 19 A. baumannii (100%) isolates carried the adeB gene, which is
consistent with previous findings that 100% of A. baumannii carried the adeB gene [30].

Even though drug efflux pumps play a critical role in the emergence of MDR and
extremely drug-resistant (XDR) bacterial strains, currently, there is no clinically approved
EPI with which to inhibit these efflux pumps [8]. Efforts are being made to develop a more
effective EPI with fewer adverse effects and increased efficacy. Suppression of the RND
efflux pump is a promising strategy for overcoming the problems of MDR and XDR. A
promising approach is to inhibit RND-type efflux pumps to target their structure, function,
and relative expression. This can be accomplished via a variety of approaches, including
(a) structurally modifying the existing antibiotics, (b) interfering with the assembly of the
pump when protein–protein interfaces are targeted, and (c) inhibition of the proteins found
in the inner and outer membranes and inhibition of efflux pump expression [8,31]. (+)UA’s
inhibitory activity can be used as an adjuvant with tigecycline against the efflux pump. UA
has been studied as an effective efflux pump inhibitor (EPI) against Gram-positive bacteria
and Mycobacterium species [20,32]. In the present study, the synergistic effect of (+)UA with
tigecycline in reducing tigecycline resistance in a highly expressed isolate was found to be
very effective when compared with the standard treatment (CCCP).

The current study investigated the effect of (+)UA’s antibacterial activity to determine
a subinhibitory concentration for further investigation as an EPI. If the MIC of a secondary
metabolite is between 100 and 1000 g/mL, it is considered bactericidal [33]. The MIC of
(+)UA was found to be 1024 µg/mL in this study, which is comparable with those of previ-
ous studies, in which the MIC was found to be >500 µg/mL; it was also found to have a
resistance modulating effect [34]. The combination of (+)UA and TGC resulted in a 256-fold
reduction in MIC for the clinical isolate AI 7574. (+)UA was found to be capable of modu-
lating polymyxin resistance against Pseudomonas aeruginosa in a similar investigation [34].
Notably, (+)UA was able to restore the activity of the last-line antibiotic tigecycline, to
which AI 7574 had developed resistance. The combined FIC index of (+)UA in combination
with tigecycline indicated synergism. UA synergism was observed with norfloxacin against
MRSA [20], and with clarithromycin against Mycobacterium abscessus [32]. According to the
FIC index, the synergistic effect of (+)UA and TGC was superior to that of CCCP and TGC.
When compared with the efflux active strain AI 7574, fluorescence was detected for the
(+)UA- and CCCP-treated strains using the ethidium bromide agar cartwheel method. This
finding was consistent with an earlier study in which UA was found to be more effective
than CCCP against the clarithromycin-resistant Mycobacterium abscessus strain AT 52 [32].

Several strategies for inhibiting efflux pump activity have been developed, including
repression of the efflux pump gene, disruption of the pump assembly, blocking the outer
membrane channels (OprM), altering the chemical structure of antibiotics, and inhibiting
efflux binding sites [8]. The qRT-PCR findings support previous reports that (+)UA can be
used as an EPI to restore antibiotic action [20,32]. The qRT-PCR approach has the advantage
of being rapid and sensitive, as well as adaptable in clinical laboratory settings [35].

The inhibitory activity of (+)UA in combination with tigecycline on efflux pumps may
be mediated by the following mechanism: UA has been shown to inhibit calcium ion (Ca2+)
influx into the cells and destabilize the bacterial membrane [24,34]. These findings support
the beneficial role of (+)UA as a MDRAb EPI. By reducing antibiotic resistance, (+)UA can
act as an adjuvant for Gram-negative bacterial efflux pump inhibition. Additionally, it may
be a better EPI for isolates with a low level of adeB gene expression. UA has been found to
be very safe in animal models [36].
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In this study, we demonstrated the EPI activity of (+)UA by using the EtBr agar
cartwheel method and by testing for reduced adeB gene expression using qRT-PCR, which
resulted in a decrease in TGC resistance in A. baumannii. Recent studies have revealed
that usnic acid exerts its EPI activity by dissipating membrane potential or by competing
with antimicrobial substrates for the same regions in the efflux pump [20,32]. This may
be one of the mechanisms by which usnic acid inhibits the efflux pump and restores the
efficacy of antibiotics or tigecycline when used in combination with (+)UA. This mecha-
nism is comparable with that of carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a
protonophore that induces dissipation of the membrane potential, thus affecting all sec-
ondary transport-dependent effluxes; CCCP has been demonstrated to be an RND pump
inhibitor [37].

4. Experimental Methods
4.1. Sources of Bacterial Isolates

MDRAb isolates (n = 100) (preserved at −70 ◦C in trypticase soy broth supplemented
with 30% glycerol) collected between 2017 to 2019 from two different states in India (SVS
Medical College and Hospital, Mahabubnagar Telangana, and ACSR Medical College and
Hospital, Nellore, Andhra Pradesh). Bacterial isolates were identified using the VITEK
2 system (bioMérieux, Marcy l’Etoile, France). Molecular studies were performed at
the Saveetha Institute of Medical and Technical Sciences (Chennai, India). Isolates were
obtained from cerebrospinal fluid (CSF), pus, sputum, endotracheal tube, blood, wound
swabs, urine, and pleural fluid.

4.2. Chemicals and Reagents

Mueller–Hinton agar and Luria–Bertani broth were obtained from Himedia (Mumbai,
India), tigecycline antibiotic powder was obtained from Cipla Ltd., (Mumbai, India),
and CCCP (C2759) and ethidium bromide were obtained from Sigma Aldrich, St. Louis,
MO, USA).

4.3. Determination of Tigecycline Resistance

Tigecycline resistance was determined using the microbroth dilution method in
Mueller–Hinton broth. The susceptibility testing results were interpreted following the US
FDA’s guidelines for tigecycline sensitivity [38].

4.4. Detection of Efflux Pump Activity Using CCCP as an EPI

The MIC of tigecycline at concentrations ranging from 0.5 to 256 µg/mL was deter-
mined using the microbroth dilution technique in the presence and absence of CCCP at a
final concentration of 25 µg/mL [28].

4.5. Total RNA, cDNA Synthesis, and Real-Time PCR

Fresh LB broth was used for the subculture. Bacteria were cultured overnight at 37 ◦C
to the mid-log phase (OD at 600 nm) and then used for total RNA isolation, using a total
RNA isolation reagent (TRIR) (Ab gene house, Surrey, United Kingdom). Next, 2 µg of
RNA was transcribed using the reverse transcriptase RT kit from Eurogentec (Seraing,
Belgium), and 16 s rRNA was used as a housekeeping gene. Genes were amplified using
the SYBR green master mix (Takara, Japan) in a qRT-PCR system (CFX96 Touch Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA). The PCR was performed as initial
denaturation at 95 ◦C for 5 min, followed by 40 cycles of 95 ◦C for 30 s, 59–60 ◦C for 30 s,
and 72 ◦C for 30 s. Relative quantification was calculated from an analysis of the melt and
amplification curves. The relative expression was determined using the 2-∆∆CT method,
and the RNA input was normalized to the housekeeping gene 16 s rRNA. The expression
level of each gene was calculated using the fold change relative to the transcriptional level
of the corresponding gene in the A. baumannii tigecycline-sensitive strain (negative control).
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All experiments were repeated three times [39]. The sequences of the primers used in this
study were taken from previous reports [40,41].

4.6. Antibacterial Activity of (+)Usnic Acid against AI 7574 A. baumannii

The MIC of (+)UA against AI 7574 A. baumannii was determined using a microbroth
dilution assay in 96-well microtiter plates [41]. For this, 100 µL of bacterial inoculum at a
106 CFU/mL concentration and supplemented with Mueller–Hinton broth was added to
wells, followed by 50 µL of serial dilutions of (+)UA ranging from 1 to 1024 µg/mL. The
plates were then incubated at 37 ◦C for 24 h. The MIC values were interpreted according to
CLSI guidelines [34].

4.7. Checkerboard Assay

The checkerboard experiment was used to determine the appropriate concentration of
(+)UA in the presence of tigecycline for the antibiotic potentiation assay. The concentrations
of (+)UA were determined to be subinhibitory. Mueller–Hinton broth was added to each
well of the microtiter plate, with increasing concentrations of tigecycline in the rows
and of (+)UA in the columns. The wells were then inoculated with a bacterial inoculum
containing 106 CFU/mL and incubated overnight at 37 ◦C. The MIC was calculated based
on non-turbid or minimal growth in the wells in each column and row of the microtiter
plate (no growth/lowest absorbance). The fractional inhibitory concentration index (FICI)
was determined using the formula with MIC values of the combinations. The following
interpretive criteria were applied: according to the odds study, synergy exists when the
FICI value is less than 0.5; indifference exists when the FICI value is greater than 0.5, and
antagonism exists when the FICI value is greater than 4 [42]. The fractional inhibitory
concentration index was calculated as:

∑ FIC = FICA + FICB (FICA = MIC of CA in combination/MIC of CA, FICB = MIC of CB in combination/MIC of CB,

where A and B are the concentrations of tigecycline and (+)UA, respectively.

4.8. Ethidium Bromide Agar Cartwheel Test

The efflux pump inhibitory activity of (+)UA was determined using an ethidium
bromide cartwheel assay (modified from the method of Arya et al.). A clinical isolate of
AI 7574 with an active efflux pump (106 CFU/mL) in MHB supplemented with 32 g/mL
(+)UA dissolved in DMSO was cultured overnight. The overnight culture (108 CFU/mL)
was then diluted to 106 CFU/mL and treated for 30 min with the same concentration
of ((+)UA in MHB; the same procedure was performed for the standard using 25 g/mL
CCCP dissolved in DMSO and for the untreated culture. After 30 min of incubation, the
cultures were streaked onto freshly prepared EtBr MHA plates. The plates were incubated
overnight at 37 ◦C and examined for fluorescence under ultraviolet light [42].

4.9. Expression Analysis of AI 7574 When Treated with (+)UA and Tigecycline

The expression of the adeB gene was determined by qRT-PCR as described previously.
The AI 7574 isolates (untreated, incubated with TGC alone, 25 µg/mL CCCP + TGC,
or 32 µg/mL (+)UA + TGC) were grown overnight. After overnight incubation, the OD
of the suspension was adjusted to 0.5 McFarland standard. RNA isolation and cDNA
were synthesized; then, changes in the adeB gene expression level were determined for
the isolate AI 7574 by using the real-time PCR method, as described in Section 4.5, in the
following groups: (i) untreated isolates, (ii) TGC alone, (iii) TGC + CCCP, and (iv) TGC +
(+)UA [39,42].

4.10. Statistical Analysis

The antimicrobial susceptibility was expressed as a frequency and analyzed using
the χ2 test. The other data were expressed as means ± SEM. The expression studies were
analyzed by Student’s t-test. The efflux pump inhibition activity was analyzed by one-
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way ANOVA with Bonferroni’s t-test. A probability of 0.05 or less was considered to be
statistically significant. The data analysis and graph plotting were carried out in SigmaPlot
14.5 (Systat Software, San Jose, CA, United States of America).

5. Conclusions

The present study showed the overexpression of the adeB gene in clinical isolates of A.
baumannii and a reduction in tigecycline resistance of more than fourfold with CCCP. The
RND-type efflux pumps are promising targets for inhibition. (+)Usnic acid can be used as
an adjuvant as an efflux pump inhibitor in MDRAb. Plant-derived compounds can act as
adjuvants to antibiotics to increase their ability to treat infectious diseases.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10091037/s1, Table S1: Antimicrobial Susceptibility profile of 42 tigecycline resistant
A. baumannii isolates, Figure S1a: Melt curve of adeB gene of qRT-PCR analysis for (+)UA + TGC
treated and untreated groups Figure S1b: Amplification of adeB gene of qRT-PCR analysis for (+)UA
+ TGC treated and untreated groups.
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21. Maciąg-Dorszyńska, M.; Węgrzyn, G.; Guzow-Krzemińska, B. Antibacterial activity of lichen secondary metabolite usnic acid is
primarily caused by inhibition of RNA and DNA synthesis. FEMS Microbiol. Lett. 2014, 353, 57–62. [CrossRef] [PubMed]

22. Guo, L.; Shi, Q.; Fang, J.-L.; Mei, N.; Ali, A.A.; Lewis, S.M.; Leakey, J.E.A.; Frankos, V.H. Review of usnic acid and Usnea barbata
toxicity. J. Environ. Sci. Health Part C 2008, 26, 317–338. [CrossRef] [PubMed]

23. Luzina, O.A.; Salakhutdinov, N.F. Usnic acid and its derivatives for pharmaceutical use: A patent review (2000–2017). Expert
Opin. Ther. Pat. 2018, 28, 477–491. [CrossRef] [PubMed]

24. Witt, R.C. The Effects of Selected Lichen Extracts and Purified Compounds on the Rat Heart; University of Nebraska at Omaha:
Omaha, NE, USA, 1996; Available online: https://digitalcommons.unomaha.edu/cgi/viewcontent.cgi?article=4385&context=
studentwork (accessed on 20 July 2021).

25. Marchaim, D.; Pogue, J.M.; Tzuman, O.; Hayakawa, K.; Lephart, P.R.; Salimnia, H.; Painter, T.; Zervos, M.J.; Johnson, L.E.; Perri,
M.B.; et al. Major variation in MICs of tigecycline in Gram-negative bacilli as a function of testing method. J. Clin. Microbiol. 2014,
52, 1617–1621. [CrossRef] [PubMed]

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

27. Pournaras, S.; Koumaki, V.; Gennimata, V.; Kouskouni, E.; Tsakris, A. In vitro activity of tigecycline against Acinetobacter
baumannii: Global epidemiology and resistance mechanisms. Adv. Exp. Med. Biol. 2016, 897, 1–14.

28. Ardehali, S.H.; Azimi, T.; Fallah, F.; Owrang, M.; Aghamohammadi, N.; Azimi, L. Role of efflux pumps in reduced susceptibility
to tigecycline in Acinetobacter baumannii. New Microbes New Infect. 2019, 30, 100547. [CrossRef]

29. Yang, Y.-S.; Chen, H.-Y.; Hsu, W.-J.; Chou, Y.-C.; Perng, C.-L.; Shang, H.-S.; Hsiao, Y.-T.; Sun, J.-R.; ACTION study group.
Overexpression of AdeABC efflux pump associated with tigecycline resistance in clinical Acinetobacter nosocomialis isolates.
Clin. Microbiol. Infect. 2019, 25, 512.e1–512.e6. [CrossRef]

30. JaponiNejad, A.R.; Sofian, M.; Ghaznavi-Rad, E. Molecular detection of AdeABC efflux pump genes in clinical isolates of
Acinetobacter baumannii and their contribution in imipenem resistance. ISMJ 2014, 17, 815–823.

31. Sharma, A.; Gupta, V.K.; Pathania, R. Efflux pump inhibitors for bacterial pathogens: From bench to bedside. Indian J. Med. Res.
2019, 149, 129–145.

32. Ramis, I.B.; Vianna, J.S.; Reis, A.J.; von Groll, A.; Ramos, D.F.; Viveiros, M.; da Silva, P.E.A. Antimicrobial and efflux inhibitor
activity of usnic acid against Mycobacterium abscessus. Planta Med. 2018, 84, 1265–1270. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-020-67820-x
http://www.ncbi.nlm.nih.gov/pubmed/32616840
http://doi.org/10.3389/fmicb.2015.00377
http://www.ncbi.nlm.nih.gov/pubmed/25972857
http://doi.org/10.1128/CMR.00117-14
http://www.ncbi.nlm.nih.gov/pubmed/25788514
http://doi.org/10.4103/mmj.mmj_434_18
http://doi.org/10.1128/AAC.48.9.3298-3304.2004
http://doi.org/10.1128/AAC.03728-14
http://doi.org/10.1128/AAC.01388-10
http://www.ncbi.nlm.nih.gov/pubmed/21173183
http://doi.org/10.1128/AAC.00732-07
http://doi.org/10.1093/jac/dks511
http://doi.org/10.2147/IDR.S166750
http://www.ncbi.nlm.nih.gov/pubmed/30174448
http://doi.org/10.1016/j.ijantimicag.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27542315
http://doi.org/10.1016/j.jhin.2016.04.014
http://doi.org/10.1128/AAC.01198-06
http://doi.org/10.1002/2211-5463.12650
http://www.ncbi.nlm.nih.gov/pubmed/31050202
http://doi.org/10.1111/1574-6968.12409
http://www.ncbi.nlm.nih.gov/pubmed/24571086
http://doi.org/10.1080/10590500802533392
http://www.ncbi.nlm.nih.gov/pubmed/19034791
http://doi.org/10.1080/13543776.2018.1472239
http://www.ncbi.nlm.nih.gov/pubmed/29718734
https://digitalcommons.unomaha.edu/cgi/viewcontent.cgi?article=4385&context=studentwork
https://digitalcommons.unomaha.edu/cgi/viewcontent.cgi?article=4385&context=studentwork
http://doi.org/10.1128/JCM.00001-14
http://www.ncbi.nlm.nih.gov/pubmed/24599978
http://doi.org/10.1128/AAC.01110-18
http://www.ncbi.nlm.nih.gov/pubmed/30323035
http://doi.org/10.1016/j.nmni.2019.100547
http://doi.org/10.1016/j.cmi.2018.06.012
http://doi.org/10.1055/a-0639-5412
http://www.ncbi.nlm.nih.gov/pubmed/29913527


Antibiotics 2021, 10, 1037 13 of 13

33. Simões, M.; Bennett, R.N.; Rosa, E.A.S. Understanding antimicrobial activities of phytochemicals against multidrug resistant
bacteria and biofilms. Nat. Prod. Rep. 2009, 26, 746–757. [CrossRef] [PubMed]

34. da Costa Júnior, S.D.; da Silva, W.R.C.; da Silva, A.M.C.M.; Maciel, M.A.V.; Cavalcanti, I.M.F. Synergistic effect between usnic
acid and polymyxin B against resistant clinical isolates of Pseudomonas aeruginosa. Evid. Based. Complement. Alternat. Med. 2020,
2020, 9852145. [CrossRef] [PubMed]

35. Dumas, J.-L.; van Delden, C.; Perron, K.; Köhler, T. Analysis of antibiotic resistance gene expression in Pseudomonas aeruginosa
by quantitative real-time-PCR. FEMS Microbiol. Lett. 2006, 254, 217–225. [CrossRef] [PubMed]

36. Araújo, H.D.A.; Silva Júnior, J.G.; Saturnino Oliveira, J.R.; Helena, M.L.; Ribeiro, M.; Barroso Martins, C.M.; Cavalcanti Bezerra,
M.A.; Lima Aires, A.; Azevedo Albuquerque, C.P.M.; Melo-Júnior, M.R.; et al. Usnic acid potassium salt: Evaluation of the acute
toxicity and antinociceptive effect in Murine model. Molecules 2019, 24, 2042. [CrossRef]

37. Lu, W.-J.; Lin, H.-J.; Hsu, P.-H.; Lin, H.-T.V. Determination of Drug Efflux Pump Efficiency in Drug-Resistant Bacteria Using
MALDI-TOF MS. Antibiotics 2020, 9, 639. [CrossRef] [PubMed]

38. Yin, Y.; Yue, Z.; Zhang, Y.Z.; Li, F.; Zhang, Q. Over expression of AdeABC and AcrAB-TolC efflux systems confers tigecycline
resistance in clinical isolates of Acinetobacter baumannii and Klebsiella pneumoniae. Rev. Soc. Bras. Med. Trop. 2016, 49, 165–171.

39. Lin, M.-F.; Lin, Y.-Y.; Yeh, H.-W.; Lan, C.-Y. Role of the BaeSR two-component system in the regulation of Acinetobacter baumannii
adeAB genes and its correlation with tigecycline susceptibility. BMC Microbiol. 2014, 14, 119. [CrossRef]

40. Magnet, S.; Courvalin, P.; Lambert, T. Resistance-nodulation-cell division-type efflux pump involved in aminoglycoside resistance
in Acinetobacter baumannii strain BM4454. Antimicrob. Agents Chemother. 2001, 45, 3375–3380. [CrossRef]

41. Higgins, P.G.; Wisplinghoff, H.; Stefanik, D.; Seifert, H. Selection of topoisomerase mutations and overexpression of adeB mRNA
transcripts during an outbreak of Acinetobacter baumannii. J. Antimicrob. Chemother. 2004, 54, 821–823. [CrossRef]

42. Arya, S.S.; Sharma, M.M.; Das, R.K.; Rookes, J.; Cahill, D.; Lenka, S.K. Vanillin mediated green synthesis and application of
gold nanoparticles for reversal of antimicrobial resistance in Pseudomonas aeruginosa clinical isolates. Heliyon 2019, 5, e02021.
[CrossRef]

http://doi.org/10.1039/b821648g
http://www.ncbi.nlm.nih.gov/pubmed/19471683
http://doi.org/10.1155/2020/9852145
http://www.ncbi.nlm.nih.gov/pubmed/32849907
http://doi.org/10.1111/j.1574-6968.2005.00008.x
http://www.ncbi.nlm.nih.gov/pubmed/16445748
http://doi.org/10.3390/molecules24112042
http://doi.org/10.3390/antibiotics9100639
http://www.ncbi.nlm.nih.gov/pubmed/32987695
http://doi.org/10.1186/1471-2180-14-119
http://doi.org/10.1128/AAC.45.12.3375-3380.2001
http://doi.org/10.1093/jac/dkh427
http://doi.org/10.1016/j.heliyon.2019.e02021

	Introduction 
	Results 
	Bacterial Isolates 
	MIC Determination of Tigecycline 
	Detection of Efflux Pump Activity Using CCCP as an EPI 
	Quantitative Analysis of the adeB Gene in A. baumannii Isolates 
	Antibacterial Activity of (+)Usnic Acid against the AI 7574 Isolate 
	Checkerboard Synergy Assay 
	Ethidium Bromide Agar Cartwheel Test 
	qRT-PCR Analysis of Treated and Untreated AI 7574 

	Discussion 
	Experimental Methods 
	Sources of Bacterial Isolates 
	Chemicals and Reagents 
	Determination of Tigecycline Resistance 
	Detection of Efflux Pump Activity Using CCCP as an EPI 
	Total RNA, cDNA Synthesis, and Real-Time PCR 
	Antibacterial Activity of (+)Usnic Acid against AI 7574 A. baumannii 
	Checkerboard Assay 
	Ethidium Bromide Agar Cartwheel Test 
	Expression Analysis of AI 7574 When Treated with (+)UA and Tigecycline 
	Statistical Analysis 

	Conclusions 
	References

