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Abstract
This study assessed the in vitro antibacterial activity of minocycline-aminoglycoside combination against
Klebsiella pneumoniae carbapenemase (KPC)-producing K. pneumoniae. Seventy non-duplicate clinical isolates of
KPC-producing K. pneumoniae were collected from patients with bloodstream infections. The synergistic activity of
minocycline-aminoglycoside combination was studied by the checkerboard method and time-kill assays in strains with
different susceptibilities, and the mutant prevention concentration (MPC) and mutant selection window (MSW) of
drugs alone and in combination were determined. The checkerboard method found this combination displayed synergistic
and partial synergistic activity against aminoglycoside-susceptible isolates, but indifferent activity against
aminoglycoside-resistant isolates. Time-kill assays further demonstrated strong synergistic and bactericidal effect of
this combination existed against isolates which were susceptible to both drugs. But for resistant isolates, the time-kill
assays showed no synergy. The MPCs of minocycline or aminoglycosides were 8- to 32-fold higher than the MICs,
suggesting the MSWs of these drugs were quite wide. For the antibiotic combinations, the addition of 1×MIC
concentration of amikacin or gentamicin could reduce the MPCs of minocycline by 4- to 16-fold. Generally, no mutants
recovered in the plates containing 1×MIC concentration of minocycline and 2×MIC concentration of amikacin or
gentamicin. In summary, these results suggest that minocycline-aminoglycoside combination can be an alternative for
infections caused by KPC-producing K. pneumoniae because this combination displays strong synergistic and bactericidal
activity in susceptible isolates, and can effectively prevent the emergence of resistant mutants. Further in vitro
pharmacokinetic/pharmacodynamic studies and clinical trials should be performed to fully evaluate the efficacy of this
drug combination.

Introduction

Klebsiella pneumoniae carbapenemase (KPC)-producing
K. pneumoniae has now spread internationally, and become
endemic in many countries and regions [1]. Because KPC-
producing K. pneumoniae usually causes serious infections in
debilitated and immunocompromised patients, the treatment
should be timely and rapidly efficacious [2]. However, KPC-
producing K. pneumoniae is not only resistant to β-lactams,
but also shows decreased susceptibility to other antimicrobial
classes commonly used in clinical practice [2]. The paucity of
effective treatment options for this super bug has resulted in
prolonged hospital stays and high mortality rates.

By far, only a few antimicrobials, such as polymyxins,
tigecycline, some aminoglycosides, and the combination of
ceftazidime and avibactam, show favorable in vitro activity
against KPC-producing K. pneumoniae. However,
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monotherapy with these drugs is not advised because clin-
ical studies have found that the mortality rates for patients
on monotherapy are higher than for those receiving com-
bination therapy [3, 4]. Moreover, due to the wide use,
resistance has challenged these last-resort treatment options.
Thus, combination regimens based on carbapenems, poly-
myxins, and tigecycline have been widely used for the
treatment of KPC-producing K. pneumoniae infections in
clinical practice [5]. Commonly, minocycline is not an
option for the treatment of KPC-producing K. pneumoniae
since its derivate, tigecycline, has better antimicrobial
activity. However, the efficacy of tigecycline in treating
bloodstream infections is controversial because of its large
volume of distribution and its low concentration in the
blood [6]. Minocycline has comparatively good in vitro
activity against multidrug-resistant (MDR) Gram-negative
bacteria, it shows attractive antimicrobial activity compared
to doxycycline, and it has a pharmacokinetic advantage over
tigecycline in the blood [7]. Therefore, minocycline was
reintroduced onto the US market in 2009, to address the
increasing resistance to current first-line agents.

Few studies have investigated the interactions between
minocycline and other antibiotics for the treatment of KPC-
producing K. pneumoniae. Only one recent study has
reported that the synergistic activity of a polymyxin
B–minocycline combination is dependent on the polymyxin
B susceptibility of the strain [8]. Previous studies demon-
strated that resistant mutant isolates most likely occurs when
antimicrobial concentrations fall in a specific range called the
mutant selection window (MSW) [9]. The lower boundary of
the MSW is approximate to the minimal inhibitory con-
centration (MIC), and the upper boundary is the mutant
prevention concentration (MPC), which represents a con-
centration threshold above which no single-step drug-resis-
tant mutant strains can be selected [9]. Therefore, comparison
of the MPC and MSW of antibiotics alone and in combi-
nation is be useful in telling whether combination therapy can
reduce the chance of resistant mutants emerging. The
objectives of this study were to evaluate the in vitro syner-
gistic activity of minocycline combined with aminoglyco-
sides against KPC-producing K. pneumoniae, and to
investigate the ability of this combination to prevent resis-
tance by determining the mutant prevention concentrations
(MPCs) of the drugs individually and in combination.

Materials and methods

Bacterial strains and antimicrobial agents

A total of 70 non-duplicate clinical isolates of KPC-
producing K. pneumoniae were isolated from patients with
bloodstream infections in 2 tertiary hospitals in Beijing,

China, from June 2014 to December 2016. All isolates were
identified with the VITEK® 2 Compact System (bioMér-
ieux, Marcy-l’Étoile, France). Minocycline, amikacin, and
gentamicin standards were obtained from the National
Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China).

In vitro susceptibility

We used the agar dilution method to determine the mini-
mum inhibitory concentrations (MICs) for the 3 drugs. The
experiment was replicated 3 times in accordance with the
Clinical and Laboratory Standards Institute (CLSI) guide-
lines [10]. Briefly, Mueller Hinton agar (MHA; Difco,
Franklin Lakes, NJ, USA) plates containing a series of 2-
fold concentration increments of each agent were prepared.
Then, ~104 colony-forming units (CFU) of bacterial cells
were inoculated with an autoclaved replicator and incubated
at 37.5 °C for 20 h. The MIC was defined as the lowest drug
concentration where no visible colonies grew. Escherichia
coli ATCC25922 was used as the quality control strain for
each batch of tests.

Synergy testing of drug combinations with the
checkerboard method

Based on the susceptibility results, 24 amikacin-susceptible
isolates, 22 gentamicin-susceptible isolates, and 10 amika-
cin/gentamicin dual resistant isolates were randomly selec-
ted for the synergy testing. The checkerboard method was
performed according to our previous study [11]. In brief, the
drugs were diluted with cation-adjusted Mueller-Hinton
Broth (CA-MHB) (Difco, Franklin Lakes, NJ, USA) into a
series of concentrations based on the MICs for the tested
isolates. Then, we added 50 μl minocycline, 50 μl amikacin
or gentamicin, and 100 μl bacterial suspension (1× 106

CFU/mL) into 96-well microdilution plates. After their
contents were mixed with a vortex mixer, the plates were
cultured at 37.5 °C for 20 h.

Synergy was assessed with the fractional inhibitory con-
centration index (FICI): FICI= (MIC of drug A in combi-
nation/MIC of drug A alone)+ (MIC of drug B in
combination/MIC of drug B alone). The FICI value was
interpreted as follows: synergism, FICI ≤ 0.5; partial syner-
gism, 0.5< FICI< 1; additivity, FICI= 1; indifference, 1<
FICI< 4; and antagonism, FICI> 4 [12]. The cumulative
inhibition ratio (CIR) was defined as the percentage of iso-
lates that were inhibited at a certain antibiotic concentration.

Time-kill assays

Four isolates that were susceptible to both minocycline and
aminoglycosides, 2 isolates that were susceptible to
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minocycline and highly resistant to aminoglycosides
(MIC ≥ 128 mg/L), and 2 isolates that were highly resistant
to minocycline (MIC ≥ 64 mg/L) and susceptible to ami-
noglycosides were randomly selected for the following
study. Briefly, bacterial suspensions were diluted to 1× 105

CFU/mL with fresh CA-MHB. For isolates with dual sus-
ceptibility to minocycline and aminoglycosides, the con-
centrations of minocycline, amikacin, and gentamicin were
adjusted to the 50% of MIC; for isolates susceptible to
minocycline and resistant to aminoglycosides, the con-
centration of minocycline was adjusted to the 50% of MIC,
and amikacin and gentamicin were adjusted to their CLSI
susceptibility breakpoints (amikacin, 16 mg/L; gentamicin,
4 mg/L); for isolates resistant to minocycline and suscep-
tible to aminoglycosides, the concentration of minocycline
was adjusted to its CLSI susceptibility breakpoint (4 mg/L),
and amikacin and gentamicin were adjusted to their 50% of
MIC. Bacterial counts were measured at 0, 3, 6, 12, and 24
h by enumerating the colonies in 10-fold serially diluted
specimens of 100 μl aliquots plated on MHA at 37.5 °C for
20 h. All of the in vitro time-kill experiments were per-
formed in triplicate on different days. The results are
expressed as the mean ± standard deviation (SD).

A reduction of ≥ 3 log10 CFU/mL compared to the ori-
ginal inoculum was considered bactericidal. Compared with
the most active drug in the pair, a further reduction of ≥ 2
log10 CFU/mL in combination was defined as synergism, a
reduction of < 2 log10 CFU/mL was defined as indiffer-
ence, and an increase of ≥ 2 log10 CFU/mL was defined as
antagonism [13].

Determination of MPCs and MSWs

The MPCs of minocycline and the aminoglycosides alone
were determined in 10 susceptible isolates, and the MPCs of
the combinations were determined in 3 randomly selected
isolates. The MPCs were determined with a modified agar
dilution method [11]. In brief, ~0.3× 1010 CFU/mL bac-
terial cells were placed onto MHA plates with 2-fold con-
centration increments of minocycline (0–256 mg/L), and
amikacin and gentamicin (0.5–128 mg/L) alone, as well as
in combination. Each drug concentration was included on at
least 4 plates to ensure that the total cell number in the
inoculum was about 1.2× 1010. The plates were incubated
at 37.5 °C for 72 h. The MPC was defined as the lowest
antibiotic concentration that prevented the visible growth of
mutant colonies.

Results

In vitro susceptibility

Among the 70 KPC-producing K. pneumoniae isolates, the
rates of susceptibility, intermediate susceptibility, and
resistance to minocycline were 50%, 18.6%, and 31.4%,
respectively. The MIC50 and MIC90 for minocycline were 4
and 16 mg/L, respectively. The susceptibility rates to ami-
kacin and gentamicin were 51.4% and 32.9%, respectively.

Synergistic activity between minocycline and
aminoglycosides

Figure 1a shows the synergy results from the checkerboard
experiments. For all of the isolates susceptible to aminogly-
cosides, the minocycline–aminoglycoside combinations dis-
played synergistic and partial synergistic activity. However,
for the isolates resistant to aminoglycosides, the FICIs of the
minocycline–aminoglycoside combinations of all isolates
ranged from 1 to 2, indicating indifference. The curves for
the CIRs of minocycline alone and in combination with
aminoglycosides for aminoglycoside-susceptible strains are
shown in Fig. 1b. The curves shifted dramatically to the left
after the addition of amikacin or gentamicin. The MIC50 of
minocycline decreased from 4 to 1 mg/L in the presence of
amikacin and to 0.5 mg/L in the presence of gentamicin.

Fig. 1 a fractional inhibitory concentration index (FICI) of minocy-
cline (MIN) combined with amikacin (AMK) and gentamicin (GEN)
for amikacin-susceptible (AMK-S), gentamicin-susceptible (GEN-S)
and aminoglycoside-resistant (AMI-R) KPC-producing K. pneumo-
niae; b cumulative inhibition ratio (CIR) of minocycline alone and in
combination with amikacin or against aminoglycoside-susceptible (S)
KPC-producing K. pneumoniae
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Time-kill assays

As shown in Fig. 2, for the dual minocycline/aminoglyco-
side-susceptible isolates, minocycline alone exhibited bac-
teriostatic activity, and amikacin or gentamicin alone
displayed bactericidal activity in the first 3–6 h; but after
then, quick regrowth was observed. Although regrowth was
also observed in combination therapy, the rate was much
lower than that in monotherapy. At 24 h, synergistic activity
was observed in all isolates and bactericidal activity was
still observed in 3 isolates. However, for the minocycline-
susceptible and highly aminoglycoside-resistant isolates or
the highly minocycline-resistant and aminoglycoside-
susceptible isolates, the combinations did not display
synergistic activity at 24 h (Fig. 3). We did not observe
antagonism in this study.

Estimation of the MPCs of drugs singly and in
combination

The MICs and MPCs for minocycline and the aminogly-
cosides alone for the tested isolates are shown in Table 1.
The MICs for minocycline ranged from 1 to 4 mg/L, and the
MPCs were 8- to 32-fold higher than the MICs. The MICs
and MPCs for amikacin were 2- to 8-fold and 4- to 8-fold
higher, respectively, than those for gentamicin. For the

antibiotic combinations, the addition of 1×MIC con-
centration of amikacin or gentamicin could reduce the
MPCs of minocycline by 4- to 16-fold (Fig. 4). With the
exception of the minocycline–amikacin combination in
Kp17, no mutants recovered in the plates containing the
1×MIC concentration of minocycline and the 2×MIC
concentration of amikacin or gentamicin.

Discussion

Minocycline is the second-generation tetracycline that was
first introduced on the market in the 1960s [14]. Although
the advent of new β-lactams and fluoroquinolones replaced
minocycline for the treatment of systemic infections in the
1980s and 1990s, it has now has become an important
option for the treatment of MDR organisms. Previous
clinical studies have found that minocycline can be used
safely and effectively as a salvage therapy for carbapenem-
resistant Acinetobacter baumannii infections after patients
have failed multiple other antibiotic regimens [15]. We
found that most KPC-producing K. pneumoniae isolates
were susceptible or had intermediate susceptibility to min-
ocycline; the resistance rate of 31.4% suggests its potential
for the treatment of infections caused by this organism.
However, it is important to note that the MIC50 values for

Fig. 2 In vitro time-kill curves of minocycline (MIN), amikacin (AMK), gentamicin (GEN) alone and in combination against KPC-producing K.
pneumoniae. (Tested strains were all susceptible to both minocycline and aminoglycosides)
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minocycline were near its susceptibility breakpoint (4 mg/
L), and the MPC values were 8- to 32-fold higher than the
MICs. Therefore, the use of minocycline alone may result in
treatment failure and the rapid emergence of resistance
when treating KPC-producing K. pneumoniae infections. In
this study, we evaluated the in vitro synergy between
minocycline and aminoglycosides against KPC-producing
K. pneumoniae with varying susceptibilities to each drug.

Using the checkerboard method, we observed synergism
and partial synergism in aminoglycoside-sensitive strains,
but not in highly aminoglycoside-resistant strains. The
time–kill curve assays validated the results of the checker-
board method, and showed that this combination in both
minocycline- and aminoglycoside-susceptible isolates could
significantly improve bacterial killing.

Previous in vitro and in vivo studies have investigated
the effects of minocycline in combination with several
antimicrobials against A. baumannii, with favorable results.
Rodríguez et al. showed that minocycline had bactericidal
synergy when combined with rifampicin, colistin, or imi-
penem in most minocycline-susceptible A. baumannii [16].
Yang et al. found that the combination of minocycline and
colistin, compared to colistin monotherapy, significantly
reduced the number of bacteria in the lungs of mice [17].
A recent study also demonstrated that a polymyxin
B–minocycline combination had synergistic activity against
KPC-producing K. pneumoniae, and that the synergism was
most apparent against polymyxin-susceptible isolates [8].
In addition, 2 studies found that tigecycline or doxycycline
combined with gentamicin or amikacin synergistically
killed MDR-E. coli and KPC-producing K. pneumonia
[18, 19]. And in this study, we noted enhanced activity by

Fig. 3 In vitro time–kill curves of minocycline (MIN), amikacin
(AMK), gentamicin (GEN) alone and in combination against KPC-
producing K. pneumoniae. (Kp1 and Kp5 were susceptible to

minocycline and resistant to aminoglycosides; Kp29 and Kp64 were to
resistant minocycline and susceptible to aminoglycosides)

Table 1 MICs and MPCs of minocycline, amikacin and gentamicin
for 10 KPC-producing K. pneumoniae clinical strains

Isolate Minocycline Amikacin Gentamicin

MIC MPC MIC MPC MIC MPC

Kp2 1 16 1 32 0.125 4

Kp6 4 32 2 64 1 16

Kp7 4 64 2 64 1 8

Kp17 2 32 2 32 0.5 8

Kp25 4 64 1 32 0.25 4

Kp36 2 32 2 64 0.5 8

Kp41 4 64 2 32 1 8

Kp48 1 16 2 64 1 8

Kp59 4 64 2 32 0.5 4

Kp70 4 32 0.5 64 0.25 8
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the minocycline–aminoglycoside combination against
KPC-producing K. pneumoniae isolates. These findings
indicated the potential role of combination therapies con-
taining tetracyclines and polymyxins or aminoglycosides
in the management of KPC-producing K. pneumoniae
infections.

In addition to maximizing clinical effectiveness, anti-
microbial combination therapy could decrease the potential
for resistance emergence because susceptible bacteria have
a low probability (<10−10) of developing 2 concurrent
mutations that allow them to survive treatment with 2 drugs

with different antimicrobial mechanisms [20]. We found
that the addition of the 1×MIC concentration of an ami-
noglycoside could reduce the MPC of minocycline by 4- to
8-fold, and we recovered no resistant mutants after treat-
ment with the 1×MIC of minocycline (1–4 mg/L) com-
bined with the 2×MIC concentration of amikacin (1–4 mg/
L) or gentamicin (0.25–2 mg/L). The mean trough and peak
serum concentrations of amikacin were 4.38 mg/L and
23.36 mg/L with a dose of 1000 mg/day [21], and the trough
serum concentration of gentamicin in 60% of patients
was ≥ 2.5 mg/L with a dose of 8 mg/kg/day [22]. For

Fig. 4 MPCs and MICs of minocycline (MIN) alone and combined with different concentrations of amikacin (AMK) or gentamicin (GEN) for
three KPC-producing K. pneumoniae strains
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minocycline, serum concentrations ranged from 2.1 to 6.6
mg/L with a 200 mg intravenous dose [23]. Therefore,
considering the pharmacokinetics of these drugs, a
minocycline–aminoglycoside combination may effectively
prevent selection for resistance at the current dosage.

Several hypotheses may explain the synergistic effects
of tetracyclines and aminoglycosides. Both tetracyclines
and aminoglycosides exert their antimicrobial effects by
inhibiting protein synthesis. However, tetracyclines are
bacteriostatic agents, which inhibit protein synthesis by
preventing the attachment of aminoacyl-tRNA to the
ribosomal acceptor site (A) [24], whereas aminoglyco-
sides are bactericidal antimicrobials, which act by
impairing bacterial protein synthesis through binding to
the 16S rRNA component 30S subunits of ribosomes [25].
The inhibition of protein synthesis may be enhanced by
a tetracycline–aminoglycoside combination due to the
disruption of multiple translation sites. There are
4 mechanisms by which bacteria can acquire resistance to
tetracyclines: expression of efflux pumps, modification
and degradation of drugs, ribosomal mutations, and
ribosome protection proteins [24]. Among these,
tetracycline-specific efflux pumps, such as Tet(A) and Tet
(B), which belong to the major facilitator superfamily
(MFS), and the MDR pump, AcrB, which belongs to the
resistance-nodulation-division (RND) family, are the most
frequent tetracycline-resistance determinants in Gram-
negative bacteria [26]. However, neither tetracycline-
specific efflux pumps nor AcrB can pump out aminogly-
cosides [25]. Therefore, cross-resistance is unlikely to
occur. Moreover, aminoglycosides may disrupt and per-
meabilize the outer membranes of bacteria and increase
the penetration of tetracyclines [27], thereby enhancing
bacterial killing and suppressing the emergence of
resistance.

Several limitations exist in this study. The conditions in
culture medium are different than the environment in the
human body. The immune system also plays an important
role in defending against and resolving bacterial infections,
and it may interact with antibiotics in bacterial killing. For
example, previous studies have found that some cationic
antimicrobial peptides enhance the activity of antimicrobial
agents, and reduce the frequency of the emergence of
resistant mutants [28–30]. In addition, the antibiotic con-
centrations in the experiments in this study remained con-
stant, which does not simulate their pharmacokinetics in the
human body. The in vitro pharmacokinetic/pharmacody-
namics (PK/PD) studies which can accurately simulate the
pharmacokinetics in vivo provide us more information on
the effect of antibiotic combinations against MDR bacteria
[31–33]. Therefore, our findings should be further evaluated
with in vitro PK/PD models before application in clinical
practice.

Conclusions

Due to the lack of effective antibiotics against KPC-
producing K. pneumoniae, combination therapy seems to be
a useful strategy to improve clinical effectiveness and pre-
vent the development of resistance. We found that mino-
cycline combined with an aminoglycoside mediated
synergistic activity against KPC-producing K. pneumoniae,
if the individual MICs were in the susceptible range. The
addition of aminoglycosides at clinically relevant con-
centrations reduced the MPCs for minocycline, indicating
that this combination effectively restricts resistance emer-
gence. Further PK/PD and clinical studies are warranted to
validate the efficacy of this drug combination.

Acknowledgements This study was supported by the National Natural
Science Foundation of China under Grant No. 81371855, and the
Shenzhen’s Sanming Project.

Compilance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Munoz-Price LS, et al. Clinical epidemiology of the global
expansion of Klebsiella pneumoniae carbapenemases. Lancet
Infect Dis. 2013;13:785–96.

2. Tzouvelekis LS, Markogiannakis A, Psichogiou M, Tassios PT,
Daikos GL. Carbapenemases in Klebsiella pneumoniae and other
Enterobacteriaceae: an evolving crisis of global dimensions. Clin
Microbiol Rev. 2012;25:682–707.

3. Qureshi ZA, et al. Treatment outcome of bacteremia due to KPC-
producing Klebsiella pneumoniae: superiority of combination
antimicrobial regimens. Antimicrob Agents Chemother.
2012;56:2108–13.

4. Tumbarello M, et al. Predictors of mortality in bloodstream
infections caused by Klebsiella pneumoniae carbapenemase-
producing K. pneumoniae: importance of combination therapy.
Clin Infect Dis. 2012;55:943–50.

5. Morrill HJ, Pogue JM, Kaye KS, LaPlante KL. Treatment options
for carbapenem-resistant Enterobacteriaceae infections. Open
Forum Infect Dis. 2015;2:ofv050.

6. Peterson LR. A review of tigecycline–the first glycylcycline. Int J
Antimicrob Agents. 2008;32:S215–2S22.

7. Pogue JM, et al. Carbapenem-resistance in gram-negative bacilli
and intravenous minocycline: an antimicrobial stewardship
approach at the Detroit Medical Center. Clin Infect Dis. 2014;59:
S388–93.

8. Huang D, et al. In vitro assessment of combined polymyxin B and
minocycline therapy against Klebsiella pneumoniae carbapene-
mase (KPC)-producing K. pneumoniae. Antimicrob Agents Che-
mother. 2017;61:e00073–17.

9. Zhao X, Drlica K. Restricting the selection of antibiotic-resistant
mutant bacteria: measurement and potential use of the mutant
selection window. J Infect Dis. 2002;185:561–5.

10. Clinical and Laboratory Standards Institute. Performance stan-
dards for antimicrobial susceptibility testing. Twenty-sixth Inf
Suppl. 2016;M100:S26.

512 N. Wentao et al.



11. Ni W, et al. In vitro effects of tigecycline in combination with
colistin (polymyxin E) and sulbactam against multidrug-resistant
Acinetobacter baumannii. J Antibiot. 2013;66:705–8.

12. Moody J. Synergism testing: broth microdilution checkerboard
and broth macrodilution method in Clinical Microbiology
Procedures Handbook. Washington, DC: ASM; 2004; p. 1–28.

13. Eliopoulos GM, Moellering RC. Antimicrobial combinations. In:
Lorian V, editor. Antibiotic in Laboratory Medicine. 4th edn.
Baltimore: Williams and Wilkins; 1996; p. 330–96.

14. Greig SL, Scott LJ. Intravenous minocycline: a review in Acine-
tobacter infections. Drugs. 2016;76:1467–76.

15. Ritchie DJ, Garavaglia-Wilson A. A review of intravenous min-
ocycline for treatment of multidrug-resistant Acinetobacter
infections. Clin Infect Dis. 2014;59:S374–S380.

16. Rodríguez CH, Nastro M, Vay C, Famiglietti A. In vitro activity
of minocycline alone or in combination in multidrug-resistant
Acinetobacter baumannii isolates. J Med Microbiol.
2015;64:1196–1200.

17. Yang YS, et al. In vivo and in vitro efficacy of minocycline-
based combination therapy for minocycline-resistant Acineto-
bacter baumannii. Antimicrob Agents Chemother. 2016;
60:4047–54.

18. Lai CC, Chen CC, Huang HL, Chuang YC, Tang HJ. The role of
doxycycline in the therapy of multidrug-resistant E. coli - an
in vitro study. Sci Rep. 2016;6:31964.

19. Tang, HJ et al. Colistin-sparing regimens against Klebsiella
pneumoniae carbapenemase-producing K. pneumoniae isolates:
combination of tigecycline or doxycycline and gentamicin or
amikacin. J Microbiol Immunol Infect. 2016;31:pii: S1684-1182
444 30024-X

20. Zhao X, Drlica K. Restricting the selection of antibiotic-resistant
mutants: a general strategy derived from fluoroquinolone studies.
Clin Infect Dis. 2001;33:S147–56.

21. Matar KM, Al-lanqawi Y, Abdul-Malek K, Jelliffe R. Amikacin
population pharmacokinetics in critically ill Kuwaiti patients.
Biomed Res Int. 2013;2013:202818.

22. Roger C, et al. Impact of 30 mg/kg amikacin and 8 mg/kg gen-
tamicin on serum concentrations in critically ill patients with
severe sepsis. J Antimicrob Chemother. 2016;71:208–12.

23. Rempex Pharmaceuticals, Inc. Minocin (minocycline for injec-
tion) Package Insert. Philadelphia, PA: Wyeth Pharmaceuticals
Inc; 2010.

24. Nguyen F, et al. Tetracycline antibiotics and resistance mechan-
isms. Biol Chem. 2014;395:559–75.

25. Magnet S, Blanchard JS. Molecular insights into aminoglycoside
action and resistance. Chem Rev. 2005;105:477–98.

26. de Cristóbal RE, Vincent PA, Salomón RA. Multidrug resistance
pump AcrAB-TolC is required for high-level, Tet(A)-mediated
tetracycline resistance in Escherichia coli. J Antimicrob Che-
mother. 2006;58:31–36.

27. Zavascki AP, Klee BO, Bulitta JB. Aminoglycosides against
carbapenem-resistant Enterobacteriaceae in the critically ill: the
pitfalls of aminoglycoside susceptibility. Expert Rev Anti Infect
Ther. 2017;15:519–26.

28. Cassone M, Otvos L Jr. Synergy among antibacterial peptides and
between peptides and small-molecule antibiotics. Expert Rev Anti
Infect Ther. 2010;8:703–16.

29. Zhang Y, et al. In vitro synergistic activities of antimicrobial
peptide brevinin-2CE with five kinds of antibiotics against
multidrug-resistant clinical isolates. Curr Microbiol.
2014;68:685–92.

30. Morici P, et al. Synergistic activity of synthetic N-terminal peptide
of human lactoferrin in combination with various antibiotics
against carbapenem-resistant Klebsiella pneumoniae strains. Eur J
Clin Microbiol Infect Dis. 2017;36:1739–48.

31. Liu X, et al. Synergistic killing by meropenem and colistin
combination of carbapenem-resistant Acinetobacter baumannii
isolates from Chinese patients in an in vitro pharmacokinetic/
pharmacodynamic model. Int J Antimicrob Agents.
2016;48:559–63.

32. Cai X, et al. Pharmacodynamics of tigecycline alone and in
combination with colistin against clinical isolates of multidrug-
resistant Acinetobacter baumannii in an in vitro pharmacody-
namic model. Int J Antimicrob Agents. 2017;49:609–16.

33. Yim J, et al. Evaluation of daptomycin combinations with
cephalosporins or gentamicin against Streptococcus mitis group
strains in an in vitro model of simulated endocardial vegetations
(SEVs). J Antimicrob Chemother. 2017;72:2290–6.

minocycline-aminoglycosides for KPC-producing KP 513


	In vitro activity of minocycline combined with aminoglycosides against Klebsiella pneumoniae carbapenemase-producing K.�pneumoniae
	Abstract
	Introduction
	Materials and methods
	Bacterial strains and antimicrobial agents
	In vitro susceptibility
	Synergy testing of drug combinations with the checkerboard method
	Time-kill assays
	Determination of MPCs and MSWs

	Results
	In vitro susceptibility
	Synergistic activity between minocycline and aminoglycosides
	Time-kill assays
	Estimation of the MPCs of drugs singly and in combination

	Discussion
	Conclusions
	Compilance with ethical standards

	ACKNOWLEDGMENTS
	References




