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Abstract: Multidrug-resistant (MDR) Pseudomonas aeruginosa is a public health problem causing
both community and hospital-acquired infections, and thus the development of new therapies
for these infections is critical. The objective of this study was to analyze in vitro the activity of
pentamidine as adjuvant in combinations to antibiotics against seven clinical P. aeruginosa strains.
The Minimum Inhibitory Concentration (MIC) was determined following standard protocols, and the
results were interpreted according to the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) breakpoints; however, the gentamicin activity was interpreted according to the Clinical
and Laboratory Standards Institute (CLSI) recommendations. The bactericidal in vitro activity was
studied at 1×MIC concentrations by time–kill curves, and also performed in three selected strains at
1/2×MIC of pentamidine. All studies were performed in triplicate. The pentamidine MIC range was
400–1600 µg/mL. Four of the strains were MDR, and the other three were resistant to two antibiotic
families. The combinations of pentamidine at 1×MIC showed synergistic activity against all the tested
strains, except for pentamidine plus colistin. Pentamidine plus imipenem and meropenem were the
combinations that showed synergistic activity against the most strains. At 1/2×MIC, pentamidine plus
antibiotics were synergistic with all three analyzed strains. In summary, pentamidine in combination
with antibiotics showed in vitro synergy against multidrug-resistant P. aeruginosa clinical strains,
which suggests its possible use as adjuvant to antibiotics for the therapy of infections from MDR
P. aeruginosa.
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1. Introduction

Pseudomonas aeruginosa is an opportunistic pathogen associated with an ever-widening array
of life-threatening acute and chronic infections, including diverse respiratory-tract infections
(ventilator-associated pneumonia, chronic infection of bronchiectasis, and cystic fibrosis), urinary tract
infections, bacteremia, and central nervous infections [1]. Moreover, chronic infections caused by
P. aeruginosa are a major worry as their spread and mortality continue to increase. These infections are
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majorly attributed to biofilm formation plays an essential role in the attachment of this bacteria on
surfaces, and then contributing to multi-drug resistance in this pathogen [2].

P. aeruginosa is one of the pathogens included in the group “ESKAPE” (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter
species), with a worldwide impact on hospital infections and an extensive ability to develop resistance
to antibacterial drugs. Thus, P. aeruginosa is one of the pathogens included in the critical category
of the World Health Organization (WHO)’s priority list of bacterial pathogens for which research
and the development of new antibiotics is urgently required [3]. P. aeruginosa was reported by
the European Centre for Disease Prevention and Control (ECDC) Epidemiological Report 2016 on
healthcare-associated infections, to be the most frequently isolated microorganism in intensive care
unit (ICU)-acquired pneumonia and one of the most frequently isolated in blood-stream infections and
urinary tract infections [4].

The 2018 ECDC surveillance of antimicrobial resistance in Europe report [5] detailed that
P. aeruginosa resistance to two or more antimicrobial groups was common and seen in 19.2% of all tested
isolates. Also, they report large inter-country variations for all antimicrobial groups, with generally
higher resistance percentages reported from Southern and Eastern Europe than Northern Europe.
As an example, in 2018, the % of P. aeruginosa isolates with multidrug-resistance (MDR), resistance to
three or more antimicrobial families among piperacillin/tazobactam, ceftazidime, fluoroquinolones,
aminoglycosides, and carbapenems in Germany, Spain and Greece are 6.0%, 10.9%, and 28.7%,
respectively. A recent study in India observed that the majority of hospital-acquired isolates were MDR,
pointing out an 89.5% of analyzed P. aeruginosa isolates sensitive only to colistin [6]. Also, in a recent
study in the United States about respiratory infections due to MDR P. aeruginosa, they showed that
among the total laboratory-confirmed P. aeruginosa isolates from respiratory sources, 27.5% (523/1904)
of them were MDR [7].

Finally, infections caused by multidrug-resistant (MDR) P. aeruginosa are associated with a higher
morbidity and mortality, and the associated healthcare burden requires an urgent focus on infection
prevention, adequate infection management, and the development of novel therapies to treat this
infections [8,9].

As a new strategy, the repurposing of drugs for the treatment of infections by MDR P. aeruginosa
has several advantages, such as reducing the time, cost, and risk associated with the development
of new antimicrobials [10]. The repurpose of several drugs has been proven to have activity against
bacterial infections. Ciclopirox, used for decades as antifungal agent, was reported to have direct
antibacterial activity against several of the high-priority MDR Gram-negative bacteria [11,12]. The study
by Ayerbe-Algaba et al. also showed that oxyclozanide, a drug used in the veterinary setting to treat
fluke infections in ruminants, has in vitro activity in combination with colistin against colistin resistant
Gram-negative bacilli (GNB) infections [13].

Pentamidine isethionate, an antiprotozoal drug commonly used in the treatment of
trypanosomiasis, leishmaniosis, and fungal infections [14] was recently studied as antimicrobial agent.
Stokes et al. reported that pentamidine showed synergism in combination with antibiotics against a
wide range of GNB in vitro, and in a systemic murine infection in mice caused by A. baumannii [15].
Likewise, pentamidine alone and in combination with antimicrobials showed a robust in vitro activity
against carbapenemase-producing and/or colistin-resistant Enterobacteriaceae [14]. The synergy of
pentamidine in combination with antibiotics may be explained because of the pentamidine mechanism
of action involves outer-membrane disruption in Gram-negative bacterium [15] so it could act as
an adjuvant agent capable of sensitizing Gram-negative bacteria to antibiotics with intracellular
mechanisms of resistance. However, pentamidine alone is not active against Gram-negative bacilli [15].
Another study analyzed the mechanisms of pentamidine resistance in A. baumannii, finding that the type
of carbon source and the availability of iron affect the pentamidine activity against A. baumannii [16].

Considering the worldwide MDR of P. aeruginosa and the in vitro and in vivo synergistic effect of
pentamidine combined with antibiotics against other GNB, the aim of this study was to evaluate the
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in vitro activity of pentamidine alone and in combination with different antimicrobials to know if it
could be used as an adjuvant to antibiotics commonly used to treat MDR P. aeruginosa infections.

2. Results

2.1. MIC/MBC and Heteroresistance

The MIC/MBC results of each antimicrobial tested for the different clinical strains are shown in
Table 1. The range of MIC for the antibiotics was for amikacin 1–32 mg/L, for gentamicin 0.13–16 mg/L,
for tobramycin 0.13–32 mg/L, for imipenem 8–64 mg/L, for meropenem and aztreonam 2–32 mg/L,
for ceftazidime 1–512 mg/L, for ciprofloxacin 0.5–16 mg/L, for levofloxacin 1–64 mg/L, for colistin
<0.06–4 mg/L, and for pentamidine 400–1600 mg/L. The clinical strains Pa194, Pa215, Pa223, and Pa249
were MDR [17], and the rest were resistant to two different families of antibiotics.

Heteroresistance was observed only with ciprofloxacin for the Pa29 isolate, in which the MIC
change from 0.5 mg/L to 4 mg/L after 48 h of incubation at 37 ◦C.

2.2. Time–Kill Curves

The bactericidal activity of the drugs alone is shown in Table 2, indicating the hours of incubation
(parentheses) with a reduction of ≥3 log10 CFU/mL. Pentamidine alone at concentration equivalent
to 1×MIC showed bactericidal effect against six out of the seven strains. As detailed in the table,
pentamidine at 1×MIC shows an early bactericidal activity in 4 of the 6 strains from 2 hours of
incubation, and with duration of 24 h in two of the strains. As expected, due to its in vitro activity,
the bactericidal activity of antibiotics tested was found only against four strains, and heterogeneous:
tobramycin, meropenem, and levofloxacin against Pa194, levofloxacin against Pa206, amikacin and
colistin against Pa215, and aztreonam and levofloxacin against Pa249. None of the antibiotics nor
pentamidine showed bactericidal activity against the Pa223 strain.

The synergistic and bactericidal activities of the combinations of pentamidine with the antibiotics
are shown in Table 3, indicating the hours of incubation (parentheses) with the synergistic or bactericidal
effect. In summary, the combinations of pentamidine with the antibiotics increase the antibiotics in vitro
activity when tested alone, except for the combination with colistin. The combinations more synergistic
were pentamidine with imipenem or meropenem (six and five strains, respectively), followed by
pentamidine with ciprofloxacin or levofloxacin (four and three strains, respectively), pentamidine plus
amikacin, gentamicin, or tobramycin (three, two, and one strains, respectively), and pentamidine with
ceftazidime or aztreonam (two and one strains, respectively). The synergy occurred at 2 h in three
cases (imipenem, ciprofloxacin, and levofloxacin) against Pa249 and in one case (ciprofloxacin) against
Pa215. In the case of the Pa223 isolate, pentamidine in combination with five of the antibiotics tested
(amikacin, meropenem, aztreonam, ceftazidime, and ciprofloxacin) was synergistic at 24 h.

The activity of pentamidine at sub-MIC concentration (1/2×MIC) in combination with the selected
antibiotics is detailed in Figure 1. These results showed that pentamidine at sub-MIC (1/2×MIC)
concentration improves the activity of the selected antibiotics when tested alone against the three
selected strains. The combination with imipenem showed bactericidal activity at 4 h of incubation
against the Pa29 and Pa249 strains. In the same way, pentamidine (1/2×MIC) plus aztreonam showed
bactericidal activity at 24 h against the Pa249 isolate. When combined with ciprofloxacin we found
bactericidal activity against the Pa206 from 2 to 24 h, and against the Pa249 from 4 to 24 h; moreover,
this combination presented synergistic activity for Pa 206 and Pa249 from 8 to 24 h and from 4 to 24 h,
respectively. Finally, the combination with ceftazidime against the Pa29 presented bactericidal and
synergistic activity, from 4 to 24 h and at 24 h, respectively.
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Table 1. MIC/MBC of the different antimicrobials for the seven MDR Pseudomonas aeruginosa clinical strains.

Clinical Strains
MIC/MBC (mg/L)

PNT AMK GEN TOB IMP MEM ATM CAZ CIP LFX COL

Pa29 800 1/2 1/1 0.25/0.25 16/16 32/32 16/64 16/32 0.50/4 1/1 0.13/1
Pa194 400 16/16 16/>32 32/>32 64/64 32/>64 2/8 512/512 1/1 32/64 0.50/1
Pa206 800 1/2 0.13/0.13 0.50/1 8/8 16/16 16/16 2/4 16/32 64/>64 0.13/0.13
Pa215 1600 32/32 8/16 2/2 8/8 32/32 16/32 32/64 4/8 16/64 4/8
Pa223 400 32/32 1/1 1/1 32/32 16/16 16/64 32/128 1/2 2/16 <0.06/<0.06
Pa249 800 2/2 0.13/0.13 0.13/0.25 8/8 16/32 32/32 8/8 8/16 32/64 0.25/0.5
Pa302 400 2/4 1/2 0.25/0.5 8/8 2/4 8/32 1/4 0.5/1 2/8 2/8

PNT: pentamidine; AMK: amikacin; GEN: gentamicin; TOB: tobramycin; IMP: imipenem; MEM: meropenem; ATM: aztreonam; CAZ: ceftazidime; CIP: ciprofloxacin; LFX: levofloxacin;
COL: colistin. Pentamidine breakpoints are not defined; AMK: Susceptible MIC ≤ 16 mg/L and resistant MIC > 16 mg/L; GEN Susceptible MIC ≤ 4 mg/L and resistant MIC ≥ 16 mg/L; TOB:
Susceptible MIC ≤ 2 mg/L and resistant MIC > 2 mg/L; IMP: Susceptible MIC ≤ 0.001 mg/L and resistant MIC > 4 mg/L; MEM: Susceptible MIC ≤ 2 mg/L and resistant MIC > 8 mg/L;
ATM: Susceptible MIC ≤ 0.001 mg/L and resistant MIC > 16 mg/L; CAZ: Susceptible MIC ≤ 0.001 mg/L and resistant MIC > 8 mg/L; CIP: Susceptible MIC ≤ 0.001 mg/L and resistant
MIC > 0.50 mg/L; LFX: Susceptible MIC ≤ 0.001 mg/L and resistant MIC > 1 mg/L; COL: Susceptible MIC ≤ 2 mg/L and resistant MIC > 2 mg/L.

Table 2. Bactericidal activity of antimicrobials alone against the seven Pseudomonas aeruginosa clinical strains.

Clinical Strain PNT AMK GEN TOB IMP MEM ATM CAZ CIP LFX COL

Pa29 B (2–8) - - - NA NA - NA - - -
Pa194 B (2–8) NA NA B (2–8) NA B (8) - NA NA B (2–24) -
Pa206 B (2–24) - - - NA NA - - NA B (8–24) -
Pa215 B (2–4) B (8) NA - NA NA - NA NA NA B (2–8)
Pa223 NA NA - - NA NA - NA NA NA -
Pa249 B (8) - - - NA NA B (8–24) - NA B (2–24) -
Pa302 B (8–24) - - - NA - - - - NA -

PNT: pentamidine; AMK: amikacin; GEN: gentamicin; TOB: tobramycin; IMP, imipenem; MEM: meropenem; ATM: aztreonam; CAZ: ceftazidime; CIP: ciprofloxacin; LFX: levofloxacin;
COL: Colistin. B: bactericidal; NA: no bactericidal activity; (): time frame in hours of the bactericidal in vitro activity; -: analysis not performed.
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Table 3. Synergistic and bactericidal activities of pentamidine in combination with antibiotics against the seven Pseudomonas aeruginosa clinical strains.

Clinical Strain PNT + AMK PNT + GEN PNT + TOB PNT + IMP PNT +MEM PNT + ATM PNT + CAZ PNT + CIP PNT + LFX PNT + COL

Pa29 - - - B (2–24)
S (24)

B (2–24)
S (24) - B (4–24) - - -

Pa194 B (4–24)
S (8–24)

B (2–8)
S (8–24)

B (2–24)
S (24)

B (2–24)
S (24)

B (2–24)
S (24) - B (2–24)

S (24)
B (4–24)
S (8–24) B (2–24) -

Pa206 - - - B (2–24) B (8–24)
S (24) - - B (2–24) B (2–24) -

Pa215 B (2–24)
S (8–24)

B (2–24)
S (8–24) - B (2–8)

S (8) B (2–24) - B (2–8) B (2–24)
S (2–24)

B (2–24)
S (8–24) B (2–8)

Pa223 B (24)
S (24) - - B (2–24)

S (8–24)
B (2–24)
S (24)

B (4–24)
S (24)

B (4–24)
S (24)

B (4–24)
S (24) B (2–24) -

Pa249 - - - B (2–24)
S (2–24)

B (2–24)
S (24) B (8–24) - B (2–24)

S (2–24)
B (2–24)
S (2–24) -

Pa302 - - - B (4–24)
S (8) - - - - B (8–24)

S (24) -

PNT: pentamidine; AMK: amikacin; GEN: gentamicin; TOB: tobramycin; IMP, imipenem; MEM: meropenem; ATM: aztreonam; CAZ: ceftazidime; CIP: ciprofloxacin; LFX: levofloxacin;
COL: Colistin. B: bactericidal; S, synergistic; (): time frame in hours of the in vitro activity found.



Antibiotics 2020, 9, 885 6 of 11Antibiotics 2020, 9, x FOR PEER REVIEW 10 of 15 

T im e  (H o u r s )

L
o

g
 C

F
U

/m
L

0 4 8 1 2 1 6 2 0 2 4
0

2

4

6

8

1 0

GC

1 /2  P N T  (4 0 0  m g /L )

IM P  (1 6  m g/L)

1/2 PNT + IMP

T im e  (H o u r s )

L
o

g
 C

F
U

/m
L

0 4 8 1 2 1 6 2 0 2 4
0

2

4

6

8

1 0

GC

1 /2  P N T  (4 0 0  m g /L )

C A Z  (1 6  m g /L )

1 /2  P N T  +C A Z

T im e  (H o u r s )

L
o

g
 C

F
U

/m
L

0 4 8 1 2 1 6 2 0 2 4
0

2

4

6

8

1 0

GC

1 /2  P N T  (4 0 0  m g /L )

C IP  (1 6  m g/L)

1/2 PNT + CIP

T im e  (H o u r s )

L
o

g
 C

F
U

/m
L

0 4 8 1 2 1 6 2 0 2 4
0

2

4

6

8

1 0

GC

1 /2  P N T  (4 0 0  m g /L )

IM P  (8  m g /L )

1/2 PNT + IMP

T im e  (H o u r s )

L
o

g
 C

F
U

/m
L

0 4 8 1 2 1 6 2 0 2 4
0

2

4

6

8

1 0

GC

1 /2  P N T  (4 0 0  m g /L )

C IP  (8  m g /L )

1/2 PNT + CIP

T im e  (H o u r s )

L
o

g
 C

F
U

/m
L

0 4 8 1 2 1 6 2 0 2 4
0

2

4

6

8

1 0

GC

1 /2  P N T  (4 0 0  m g /L )

A T M  (3 2  m g /L )

1 /2  PN T + ATM

a ) P a 2 9 b ) P a 2 0 6

c ) P a 2 4 9

 

Figure 1. Time-kill curves for pentamidine at 1/2×MIC in combination with antibiotics against the clinical strains Pa29, Pa206 and Pa249. (a) Pa29, (b) Pa206 and (c) 
Pa249; GC: growth control, filled circles; pentamidine (PNT, 1/2xMIC), filled squares; antibiotics alone (IMP: imipenem, CAX: ceftazidime, CIP: ciprofloxacin; 
ATM: aztreonam, 1xMIC), filled triangles; PNT (1/2xMIC) + antibiotics (1xMIC), filled inverted triangles. Dotted line: indicates when and how long a compound 
alone or a combination has bactericidal activity. 

Figure 1. Time-kill curves for pentamidine at 1/2×MIC in combination with antibiotics against the clinical strains Pa29, Pa206 and Pa249. (a) Pa29, (b) Pa206 and
(c) Pa249; GC: growth control, filled circles; pentamidine (PNT, 1/2xMIC), filled squares; antibiotics alone (IMP: imipenem, CAX: ceftazidime, CIP: ciprofloxacin;
ATM: aztreonam, 1xMIC), filled triangles; PNT (1/2xMIC) + antibiotics (1xMIC), filled inverted triangles. Dotted line: indicates when and how long a compound alone
or a combination has bactericidal activity.
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3. Discussion

This study evaluate in vitro the use of pentamidine as adjuvant to antibiotics commonly used to
treat MDR P. aeruginosa infections, finding synergistic effect as well as bactericidal activity against most
of the strains, when combined pentamidine with most of the tested antibiotics, such as aminoglycosides,
carbapenems, aztreonam, ceftazidime, and fluoroquinolones, but not with colistin. Additionally,
pentamidine at a sub-inhibitory concentration potentiated the in vitro activity of antibiotics with no
in vitro activity when studied alone against three selected P. aeruginosa strains.

Pentamidine alone showed a high MIC values’ range, from 400 to 1600 mg/L, against the seven
P. aeruginosa clinical strains. Given that pentamidine is currently used as an antifungal agent [18],
there are no breakpoints to define the antibacterial susceptibility. However, the MIC values found
in this study are in accordance with those reported in previous studies. In this sense, Stokes et al.
analyzed the in vitro activity of pentamidine and five pentamidine analogs against an Escherichia coli
strain, with MIC values ranging from 100 to >200 mg/L [15]. Also, the in vitro studies of pentamidine
in combination with antibiotics, against clinical carbapenemase-producing and/or colistin-resistant
Enterobacteriaceae, showed a pentamidine MIC value from 200 to 800 mg/L [14,15,19].

When pentamidine was analyzed alone, in time-kill curves at concentrations equivalent to its MIC
values, we found that it exhibits bactericidal activity against six of the seven tested strains. This data,
is in accordance with the ones in which pentamidine alone at MIC concentrations showed bactericidal
activity in vitro against carbapenemase-producing and/or colistin-resistant Enterobacteriaceae [16],
and with other studies showing synergistic effect with pentamidine in combination with rifampicin
against a wide number of antibiotic-resistant strains, including A. baumannii and E. coli [15]. Additionally,
a recent study demonstrated that pentamidine can potentiate non-antibiotic drugs achieving synergism
and a decreasing bacterial load against GNB [20].

In the work of Stokes et al. [15] they stated that the primary mechanism of action of pentamidine
could involve the outer-membrane disruption in the specific context of a Gram-negative bacterium.
Additionally, they found in an E. coli strain expressing a truncated lipopolysaccharide variant no
enhanced activity of pentamidine when analyzed alone, fact that would not support the hypothesis
of pentamidine activity on an intracellular target. Nevertheless, this finding was supported by
experiments using only one strain of E. coli. In our study, we have analyzed, using seven strains of
P. aeruginosa, if pentamidine enhances the activity of antibiotics to which the strains were resistant.
In this sense, our data shows that pentamidine, at concentrations equivalent to its MIC, increased
the activity of most antibiotics tested against the MDR clinical P. aeruginosa strains, regardless if their
mechanism of action, intracellular or on the bacterial membrane. Therefore, we observed that this
activity was enhanced in antibiotics with intracellular mechanisms of action, such as aminoglycosides
(amikacin, gentamicin and tobramycin) and fluoroquinolones (ciprofloxacin and levofloxacin), but it did
also inhibit antibiotics that act by inhibiting the synthesis of the cell wall-like carbapenems (imipenem
and meropenem) or cephalosporins (ceftazidime). Furthermore, and regardless of the mechanism
of action of carbapenems, pentamidine plus imipenem and meropenem were the combinations that
showed synergistic activity against more strains, six and five out of the seven strains tested. These data
suggest that further studies are necessary to elucidate the mechanisms of action of pentamidine in
P. aeruginosa.

Moreover, our data shows that antibiotics that alone did not have in vitro activity when combined
with a sub-inhibitory pentamidine concentration showed bactericidal and synergistic activity against
the tested strains. The present results are in accordance to the ones showed by Cebrero-Cangueiro et al.,
in which synergism was observed with pentamidine plus antibiotics against carbapenemase-producing
and/or colistin-resistant Enterobacteriaceae [16]. Stokes et al. showed a synergistic effect with
pentamidine in combination with rifampicin against a wide number of antibiotic-resistant strains,
including A. baumannii and E. coli [15].
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In summary, our results show in vitro synergy of pentamidine in combination with several families
of antibiotics against MDR P. aeruginosa, suggesting the possible role of pentamidine, as a repurposed
drug, for antibacterial use against these difficult to treat MDR pathogens.

4. Materials and Methods

4.1. Bacterial Isolates

Seven MDR (according to the standard clinical microbiology methods) clinical isolates of
P. aeruginosa collected from different samples, during the quasi-experimental ecological study
CARBAPIRASOA (RAM-PIR-2016-01) were studied: Pa29 from blood; Pa194 from pharyngeal
exudate; Pa206 from surgical wound; Pa215 from skin biopsy; Pa249 from venous catheter; and Pa223
and Pa302 from bronchial aspirates. The Pa194 isolate is an IMP-3 producer.

4.2. Drugs

Pentamidine isethionate and the nine antibiotics (amikacin, gentamicin, tobramycin, imipenem,
meropenem, aztreonam, ceftazidime, levofloxacin and colistin) were used as standard laboratory
powders from Sigma (Sigma-Aldrich, Madrid, Spain), except for ciprofloxacin, which was from Fluka
(Fluka BioChemika, Buchs, Switzerland). All the powder drugs were resuspended according to
laboratory recommendations for in vitro uses.

4.3. Antimicrobial Susceptibility Testing

To confirm the data from the standard clinical microbiology studies on susceptibility and resistance
of the selected strains, the MICs of pentamidine and the nine antibiotics were determined by broth
microdilution as recommended by the Clinical and Laboratory Standards Institute (CLSI) [21], using
Mueller Hinton broth II (Becton Dickinson & Co., Sparks, MD, USA) and an inoculum of approximately
5 × 105 CFU/mL. The MIC was evaluated after approximately 18–24 h of incubation at 37 ◦C and
was defined as the minimal concentration of antibiotic that was able to inhibit macroscopic bacterial
growth. The MIC results were interpreted according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) [22] breakpoints for all antibiotics, except for gentamicin, which was
interpreted according to the CLSI recommendations [21], and pentamidine, which has no defined
susceptibility breakpoints. MIC breakpoints used to designate susceptibility and resistance, respectively,
were: amikacin ≤16 mg/L and >16 mg/L; gentamycin ≤4 mg/L and ≥16 mg/L; tobramycin ≤2 mg/L
and >2 mg/L; imipenem ≤0.001 mg/L and >4 mg/L; meropenem ≤2 mg/L and >8 mg/L; aztreonam
≤0.001 mg/L and >16 mg/L; ceftazidime ≤0.001 mg/L and >8 mg/L; ciprofloxacin ≤ 0.001 mg/L and
>0.50 mg/L; levofloxacin ≤0.001 mg/L and >1 mg/L; and colistin ≤2 mg/L and >2 mg/L. P. aeruginosa
ATCC 27853 was used as quality control strain.

Minimum bactericidal concentrations (MBCs) were determined by subculturing 100-µL aliquots
from inoculated tubes containing antimicrobial concentrations higher than or equal to the MIC of each
agent on to antibiotic-free Mueller–Hinton agar. Plates were incubated at 37 ◦C for 24 h, and colonies
were counted. The MBC was defined as the concentration that killed ≥99.9% of the initial inoculum [14].

The heteroresistance assay was also carried out by reading the MIC after 48 h of incubation.
Bacterial strains were defined as heteroresistant when they were able to grow at least two dilutions above
the previously determined MIC value [14]. All antimicrobial susceptibility assays were performed in
triplicate in different days to confirm the reproducibility.

4.4. Bactericidal Activity and Synergy Studies

Bactericidal and synergistic activities of pentamidine, the antibiotics, and pentamidine plus each
antibiotic were performed using bacteria in the log-phase according to standard recommendations [22],
by time–kill curves. In vitro time-kill curves were performed only for the strains that were resistant to the
different antibiotics. We used 20 mL of MHB medium, an inoculum of approximately 5 × 105 CFU/mL,
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and prefixed concentrations of 1×MIC for the antibiotics and pentamidine. Bacterial growth was
quantified after 0, 2, 4, 8, and 24 h of incubation at 37 ◦C by plating 10-fold dilutions on sheep blood
agar. To avoid carryover antimicrobial agent interference, the sample was placed on the plate in a
single streak down the center, allowed to absorb into the agar until the plate surface appeared dry,
and the inoculum was then spread over the plate. The limit of detection was 10 colony-forming unit
(CFU)/mL, corresponding to 1 log10 CFU/mL [16].

Bactericidal effect was defined by a decrease of ≥3 log10 CFU/mL from the initial inoculum;
a bacteriostatic effect was established as no change with respect to the initial bacterial concentration
during the 24 h, and synergistic effect was defined as a decrease of ≥2 log10 CFU/mL for combined
drugs compared with the most active single agent [23]. The experiments were performed three times
on separate occasions.

Moreover, and after the results obtained with the time-kill curves studies at concentrations
equivalent to 1×MIC of the drugs, we selected three strains (Pa29, Pa206, and Pa249) to evaluate if at
sub-MIC pentamidine concentration (1/2×MIC) there was still in vitro synergy when combined with
selected antibiotics which did not show in vitro activity when tested alone.

5. Conclusions

In conclusion, these results provide new insights regarding the repurpose of pentamidine as
adjuvant to potentiate the activity of antibiotics commonly used to treat MDR P. aeruginosa infections,
suggesting this combination as a new alternative in the treatment of infections by this pathogen. Further
steps, including pharmacokinetic and pharmacodynamic studies and in vivo efficacy evaluation in
experimental models of infection, including the dosage and safety, are required to confirm the usefulness
of pentamidine in the treatment of infection by MDR P. aeruginosa.
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