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ABSTRACT Carbapenem-resistant Klebsiella pneumoniae (CR-Kp) can cause biofilm-
related bloodstream infections associated with significant morbidity and mortality
worldwide. We investigated the bactericidal activities of colistin (CST), rifampin (RIF),
meropenem (MEM), gentamicin (GEN), and tigecycline (TGC) alone and that of CST
in combination with RIF, MEM, GEN, or TGC against CR-Kp mature biofilms. Twenty
CR-Kp blood isolates were derived from an equal number of bloodstream infections
in adult patients. Biofilm formation was assessed by staining with 0.4% crystal violet
and measuring the optical density spectrophotometrically at 545 nm. Biofilm dam-
age was measured as the percent reduction of metabolic activity by an XTT [2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt] assay. The
MIC,, for biofilms was determined as the minimum concentration that caused
=50% bacterial damage compared to that for untreated controls. Antibacterial drug
interactions were analyzed by the Bliss independence model. Four of the 20 CR-Kp
isolates were biofilm producers. Biofilm MIC;,s of CST, RIF, MEM, GEN, and TGC for
these isolates were 64, 8, >256, 128, and 8 mg/liter, respectively. Synergistic interac-
tions were observed at 32 to 64 mg/liter of CST combined with 0.25 to 4 mg/liter of
RIF, at 32 mg/liter of CST combined with 0.007 to 0.25 mg/liter of MEM, and at 16 to
32 mg/liter of CST combined with 16 to 64 mg/liter of TGC. The synergy was highest
for CST plus RIF, with a mean AE = standard error (SE) of 49.87% = 9.22%, com-
pared to 29.52% * 4.97% for CST plus MEM (P < 0.001) and 32.44% = 6.49% for
CST plus TGC (P < 0.001). Indifferent results were exhibited by CST plus GEN. None
of the combinations exhibited antagonism. These drug interaction findings, espe-
cially those for CST with RIF, may be of importance in the treatment of biofilm-
related CR-Kp infections.
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he spread of antimicrobial resistance by carbapenemase-producing Enterobacteri-

aceae has taken global dimensions at an alarmingly fast pace, posing a major public
health threat (1, 2). Infections caused by multidrug-resistant pathogens, including
carbapenem-resistant Klebsiella pneumoniae (CR-Kp), are associated with high morbidity
and mortality rates, and the available therapeutic options to treat patients infected with
these organisms are extremely limited (3, 4).

The insufficiency of new chemical entities in the drug development pipeline has led
to the revival of old antimicrobial agents, including colistin (CST), which is often the
last-resort treatment for serious multidrug-resistant Gram-negative bacterial infections
(5, 6). Colistin is a polypeptide antibiotic of the polymyxin family that causes rapid
bacterial killing in a concentration-dependent manner (7, 8). It acts primarily on the
Gram-negative bacterial cell wall, leading to rapid permeability changes in the cyto-
plasmic membrane and ultimately to cell death (9, 10). However, monotherapy with
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colistin is considered to have limited efficacy against infections caused by CR-Kp,
contributing to the high crude mortality rates observed in patients infected with this
pathogen (11-13). Clinical studies have concluded that colistin combination therapy for
the treatment of multidrug- and extensively drug-resistant Gram-negative bacteria is
associated with decreased failure rates and may present a survival benefit among
critically ill patients (12-15). Systematic review and meta-analysis of the in vitro synergy
of colistin and carbapenems against CR-Kp isolates support less resistance development
with low antagonism rates (16).

The management of infections caused by K. pneumoniae is also highly challenging
due to the ability of this pathogen to form biofilms on indwelling medical devices
(17-19). Biofilms are microbial communities in which cells are embedded within a
self-produced matrix of extracellular polymeric substance and constitute a significantly
resistant phenotype (20, 21). Although significant synergy has been reported for the
combination of colistin with carbapenems, rifampin (RIF), gentamicin (GEN), or tigecy-
cline (TGC) against nonbiofilm infections caused by CR-Kp (15, 16, 22-28), there is a
paucity of data regarding these combinations against biofilms caused by this pathogen.
Motivated by the lack of information regarding this aspect, in this study, we aimed to
investigate the antibiofilm activities of CST, RIF, meropenem (MEM), GEN, and TGC
alone and that of CST in combination with RIF, MEM, GEN, or TGC against CR-Kp mature
biofilms.

RESULTS

Biofilm formation and susceptibility of planktonic and biofilm cells to CST, RIF,
MEM, GEN, and TGC. Biofilm formation assays performed on 20 CR-Kp isolates showed
that 16 of 20 isolates were nonbiofilm producers (optical density [OD], =0.300), and 4
isolates were found to produce robust biofilms (OD range, 0.570 to 0.630). These 4
biofilm-producing strains were used for all subsequent experiments. Based on Clinical
and Laboratory Standards Institute (CLSI) and European Committee of Antimicrobial
Susceptibility Testing (EUCAST) susceptibility breakpoints, the planktonic cells of the 4
biofilm-forming isolates were resistant to MEM (MIC, 32 to 64 mg/liter) and TGC (MIC,
8 mg/liter) and sensitive to CST (MIC, 0.06 to 0.25 mg/liter). Three of the isolates were
resistant to GEN (MIC, 16 to 32 mg/liter), whereas one isolate was GEN sensitive (MIC,
4 mg/liter). Since the MIC of RIF and the relevant susceptibility breakpoints for K.
pneumoniae have not yet been defined by either CLSI or EUCAST methodology, the RIF
MIC was not evaluated. When the four isolates were subsequently allowed to form
mature biofilms, they showed highly resistant profiles for all antimicrobial agents. The
biofilm MICs of CST, RIF, MEM, GEN, and TGC were 64, 8, >256, 128, and 8 mg/liter,
respectively (Fig. 1A to E).

A paradoxical growth effect was observed with all antibiotics at concentrations
ranging from 0.25 to 2 mg/liter against biofilms of the four CR-Kp isolates (Fig. 1). The
maximum biofilm damage caused by CST and RIF was between 75% and 98% at
concentrations ranging from 16 to 256 mg/liter (Fig. 1A and B). In contrast, GEN and
TGC did not cause more than 75% biofilm damage across all tested concentrations (Fig.
1D and E), whereas MEM exhibited poor antibiofilm activity against CR-Kp biofilms,
causing <25% damage throughout all concentrations (Fig. 1C).

Combinational interactions with colistin. The parameters of Bliss independence
drug interaction analysis for the interactions of CST with RIF, MEM, GEN, TGC, or GEN
are summarized in Table 1. The range of concentrations used was chosen based on the
MIC results obtained for each drug against CR-Kp biofilms (Fig. 1A to E). The interaction
surface plots of CST combined with RIF, MEM, or TGC are shown in Fig. 2 and Fig. 4. In
the static model that we used, CST at a concentration range of 32 to 64 mg/liter
exhibited synergistic activity in the presence of RIF and MEM, with sub-MICs ranging
from 0.25 to 4 mg/liter (Fig. 2) and from 0.007 to 0.25 mg/liter (Fig. 3), respectively.
Finally, treatment of K. pneumoniae biofilms with CST at a concentration range from 16
to 32 mg/liter showed synergistic interactions with TGC over a concentration range
from 16 to 64 mg/liter (Fig. 4).
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FIG 1 Bacterial damage of biofilms of carbapenem-resistant K. pneumoniae bloodstream isolates caused by different concentrations of colistin (A), rifampin (B),
meropenem (C), gentamicin (D), and tigecycline (E). The black column represents the MIC, of each drug. Each concentration of each antibiotic was tested in
pentaplicate per clinical isolate, and each drug-free control was tested in 16 replicates per experiment. All isolates were retested three times in independent
experiments. The average values for these replicates were used in the data analysis to determine the mean = standard error (SE) under each condition.

The synergistic interaction was highest for the CST-RIF combination, as the mean
AE * standard error (SE) for the particular drug combination was 49.87% *+ 9.22%,
compared to a mean AE *SE of 29.52% * 4.97% for CST plus MEM (P < 0.001) and a
mean AE * SE of 32.44% = 6.49% for CST plus TGC (P < 0.001). Indifferent results were

TABLE 1 In vitro interactions by Bliss independence analysis of colistin in combination with rifampin, meropenem, tigecycline, and
gentamicin against biofilms of carbapenem-resistant K. pneumoniae isolates?

Antibacterial drug combination Type of interaction Concn (mg/liter) Mean % AE value (range) Mean % SE (range)
CST + RIF Synergistic COL, 32-64; RIF, 0.25-4 49.87 (31.63-71.13) 9.22 (5.83-12.30)
CST + MEM Synergistic COL, 32; MEM, 0.007-0.25 29.52 (23.95-37.26) 4.97 (4.04-5.54)
CST + TGC Synergistic COL, 16-32; TGC, 16-64 32.44 (28.80-34.56) 6.49 (6.08-7.64)
CST + GEN Indifferent ND ND ND

aND, not determined.
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FIG 2 In vitro interaction between colistin (0.25 to 128 mg/liter) and rifampin (0.007 to 64 mg/liter) against
carbapenem-resistant K. pneumoniae biofilms. The x axis and y axis represent the concentrations of colistin
and rifampin, and the z axis represents the percent AE (see the text). The zero plane (AE = 0) represents
indifferent interactions, whereas volumes above (AE > 0) represent statistically significant synergistic interac-
tions. The magnitude of the synergistic interactions is directly related to positive AE values. The different colors
in the three-dimensional plots represent different percentile bands of synergy. The percent AE + SE was
49.9% =+ 9.2% for the colistin-rifampin combination (synergistic interaction).

observed for CST combined with GEN. None of the combinations exhibited antagonism
(Table 1).

DISCUSSION

Biofilm-associated infections are very difficult to treat, since biofilms, through the
activation of several defense mechanisms, exhibit decreased susceptibility to antimi-
crobial agents (19, 29). Controlling biofilm development and successfully treating
mature biofilms still remain elusive, with very few new therapeutic options clinically
available (30). In our study, the double-drug combinations with CST synergistically
interacted to inhibit mature biofilms. Specifically, we found that CST in the presence of
RIF exerts a greater synergistic effect against K. pneumoniae biofilms than in combina-
tions with MEM or TGC, with both combinations exhibiting comparable magnitudes of
synergy. Of note, while MEM exhibits a poor antibiofilm benefit when used alone, it
shows considerable efficacy in combination with CST, at very low MEM concentrations.
To the best of our knowledge, this is the first study to investigate the activity of these
drug combinations against carbapenem-resistant K. pneumoniae biofilms.

Overall, the biofilms of the K. pneumoniae isolates examined in this study exhibited
markedly decreased susceptibility to CST, RIF, MEM, GEN, and TGC compared to their
corresponding planktonic forms. An in vitro biofilm study by Naparstek et al. investi-
gating the susceptibility profile of extensively drug-resistant KPC-producing K. pneu-
moniae isolates to GEN alone showed that susceptibility to GEN in the planktonic state
was retained in the biofilm state (31). However, those isolates were forming relatively
low-mass biofilms (OD at 590 nm [OD.,] range, 0.02 to 0.3) compared to our isolates
(ODsy4s range, 0.570 to 0.630). Considering that the deposition of thick extracellular
matrix perturbs antibiotic diffusion, causing decreased antibiofilm activity (32), the
susceptibility profile observed in our study is well supported but noncomparable to the
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FIG 3 In vitro interaction between colistin (0.25 to 128 mg/liter) and meropenem (0.007 to 64 mg/liter)
against carbapenem-resistant K. pneumoniae biofilms. The x axis and y axis represent the concentrations
of colistin and meropenem, and the z axis represents the percent AE (for additional information, see the
Fig. 2 legend). The percent AE * SE was 29.5% = 5% for the colistin-meropenem combination
(synergistic interaction).

data in the study by Naparstek et al. due to the different biofilm-forming abilities of the
isolates studied.

In our study, the biofilm MICs for RIF and TGC alone were 3 to >5 2-fold dilutions
lower than the corresponding MICs for CST, MEM, and GEN. The efficacy of TGC in the
reduction of biofilm cells, which was also exhibited in an in vitro catheter-related
infection with K. pneumoniae (33), could be attributed to the probable interference of
TGC with efflux pumps (34, 35). However, whether and to what extent TGC or any
intracellularly acting antimicrobial agent may downregulate efflux pumps, increasing
the antibiotic concentration inside biofilm cells and thus making antibiotics most
effective, remain a hypothesis which needs to be further investigated. Despite the
efficacy of TGC in reducing cell viability in biofilms, results of the in vitro catheter model
study also demonstrated that the use of TGC alone may be associated with regrowth
of K. pneumoniae (33). Although the biofilm forms of the isolates in our study showed
a phenotype of resistance to all antimicrobial agents used alone, it is noteworthy that
CST and RIF at high concentrations (>16 mg/liter) caused biofilm damage ranging from
75% to 98%, suggesting their potential use in antimicrobial lock therapy (ALT). In an
in vitro catheter model study by Mataraci et al. (33), CST alone used as an ALT solution
exhibited significant activity but did not eliminate K. pneumoniae colonization in
biofilms. Regrowth following CST monotherapy has been demonstrated in several in
vitro studies (23, 26, 27) and has been postulated to occur due to the selection of
colistin-resistant subpopulations in the biofilm microenvironment, adaptive resistance,
or the formation of persister cells (36).

Combination therapy has been shown to eliminate and possibly prevent the emer-
gence of resistance (16). In the present study, CST plus RIF interacted in synergy to
reduce biofilm cell viability at low RIF concentrations. The magnitude of the synergistic
interaction was higher than those of the corresponding synergies observed with the
other double combinations investigated. The observed interaction between the two
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FIG 4 In vitro interaction between colistin (0.25 to 128 mg/liter) and tigecycline (0.007 to 64 mg/liter)
against carbapenem-resistant K. pneumoniae biofilms. The x axis and y axis represent the concentrations
of colistin and tigecycline, and the z axis represents the percent AE (for additional information, see the
Fig. 2 legend). The percent AE + SE was 32.4% * 6.5% for the colistin-tigecycline combination
(synergistic interaction).

antibiotics can be attributed to either the disruption of the outer bacterial membrane
by CST, which allows RIF to reach sufficient intracellular concentrations and inhibit DNA
transcription, or the mutual killing of resistant subpopulations by each drug. Both
mechanistic and subpopulation synergy mechanisms, which are not mutually exclusive,
have been proposed to explain the observed synergy of CST with other antimicrobial
agents (37). Moreover, the ability of RIF to penetrate biofilm cells is supported by
clinical combination studies using RIF to treat prosthetic material infections (38).

It is noteworthy that although biofilms were resistant to MEM alone, synergy in the
double combination of CST plus MEM was observed at very low MEM concentrations
(0.007 to 0.25 mg/liter). However, taking into consideration that the synergistic effect
observed was at an increased CST concentration (32 mg/liter), such a high concentra-
tion in clinical settings is likely to raise toxicity issues. For this reason, the double
combinations could be most efficacious in ALT for the treatment of catheter-related
infections (39). Nevertheless, since human recommended dosing results in a dynamic
peak-trough cycle, the effect of the pharmacokinetic profile of the combinations
examined could be investigated in future experiments using a hollow-fiber model (40).

In the double combination of CST plus TGC, synergy was observed only at high
concentrations of both drugs, while at low concentrations, the combination treatment
exhibited indifferent results. A combinational study investigating the interaction of TGC
with CST against planktonic NDM-1-producing Enterobacteriaceae found decreased
bacterial killing at all concentrations tested, with some evidence of antagonism at lower
concentrations. The authors of that study concluded that TGC, being bacteriostatic,
may reduce the overall antibiotic benefit when the drug is combined with a bactericidal
drug, such as CST (41).

All the antibiotics in this study exhibited a paradoxical growth effect at concentra-
tions ranging from 0.25 to 2 mg/liter against K. pneumoniae biofilms. This is an in vitro
phenomenon, described for the first time by Eagle and Musselman (42). They observed

March 2019 Volume 63 Issue 3 e02357-18

Antimicrobial Agents and Chemotherapy

aac.asm.org 6


https://aac.asm.org

Colistin Interactions and K. pneumoniae Biofilms

the activity of penicillin G against Gram-positive cocci to fall off as its concentration was
increased. Recently, it was shown that increasing the dose intensity of polymyxin B
amplifies the resistance of Acinetobacter baumannii (43).

One possible limitation of our study is the relatively small number of isolates
studied, since only 4 of the 20 examined isolates could form a biofilm. However, these
isolates were obtained in a time period of 2 years, and we assume that these are
representative CR-Kp isolates. A future study with additional epidemiologically distinct
biofilm-producing isolates is expected to validate our results. The present study eluci-
dates the dose-dependent interactions of CST with RIF, MEM, GEN, or TGC, antimicrobial
agents that are frequently used for the treatment of CR-Kp in everyday clinical practice
(44). However, the effectiveness and the safety of these combinations in the treatment
of biofilm-related infections have yet to be defined, as antimicrobial agents interact not
only with each other but also with the host immune system (45). It is possible that in
vivo models of tissues or device-related infections that are currently used could
contribute to the knowledge of biofilm physiology in the host context (46).

In conclusion, rifampin and colistin alone significantly damage biofilms of
carbapenem-resistant K. pneumoniae biofilms albeit at high concentrations. However,
the double combination of colistin with rifampin or meropenem had a synergistic effect
against K. pneumoniae biofilms at relatively low concentrations, although at high drug
concentrations, synergy was also observed when colistin was combined with tigecy-
cline. The dose-dependent synergistic interactions of colistin with rifampin, mero-
penem, and tigecycline against K. pneumoniae biofilms observed here may have
important clinical implications for the treatment of biofilm-related infections caused by
carbapenem-resistant K. pneumoniae and warrant further assessment in appropriate in
vivo models.

MATERIALS AND METHODS

Clinical isolates and growth conditions. Twenty CR-Kp blood isolates recovered from an equal
number of adult patients with bloodstream infections hospitalized at the Hippokration General Hospital
of Thessaloniki between 2012 and 2014 were studied. Species identification of these isolates was
performed using a Vitek Il system or an API ID32C kit (both from bioMérieux, Marcy I'Etoile, France)
according to the manufacturer’s instructions. Stocks of these isolates were maintained in a solution
containing 25% glycerol and 75% peptone at —80°C. All isolates were revived by subculture on
Mueller-Hinton agar (Sigma-Aldrich, Darmstadt, Germany). During the day of the experiment, each
isolate was grown for 2 h in Mueller-Hinton broth (Sigma-Aldrich) on an orbital shaker at 37°C under
aerobic conditions. For biofilm formation, the bacterial concentration was measured with a turbidimeter
(DEN 1; Grant Instruments Ltd., Cambridge, UK), and the cell density was adjusted to 5 X 10 CFU/ml in
Mueller-Hinton broth. The isolates that could form robust biofilms were used in the subsequent
experiments of antibiotic susceptibility assessment and of drug interactions.

Biofilm formation. Biofilms were grown on the surface of flat-bottomed 96-well microtiter polysty-
rene plates. Specifically, 200 ul of the standardized K. pneumoniae suspension (5 X 10 CFU/ml) was
incubated in the microtiter plates at 37°C for 48 h to form biofilms under static conditions. The medium
was then aspirated, and nonadherent planktonic cells were removed by washing twice with sterile PBS
(phosphate-buffered saline solution, pH 7.4; Sigma-Aldrich). Biofilm formation was assessed by staining
the adherent bacterial cells with a 0.4% crystal violet solution for 15 min at room temperature. After two
washes with PBS and the subsequent addition of 95% ethanol to each microtiter well, biofilm cell-
associated dye was measured spectrophotometrically as the optical density (OD) at 545 nm using a
microplate reader (ChroMate 4300; Awareness Technology, Inc., Palm City, FL). To distinguish biofilm
formers from nonbiofilm formers, we followed the arbitrary classification described previously by
Christensen et al. (47). We set as a cutoff value for biofilm formation the OD value defined as 3 standard
deviations above the mean OD value of control wells that contained 0.4% crystal violet without the
organism (negative control). All experiments were performed in triplicate on three separate days.

Antimicrobial agents. The antimicrobial agents used in this study were colistin sulfate (CST),
rifampin (RIF), meropenem trihydrate (MEM), gentamicin sulfate (GEN), and tigecycline (TGC) (Sigma-
Aldrich). Stock solutions of CST and GEN (10 mg/ml each) were prepared in sterile distilled water, whereas
those of MEM (10 mg/ml), RIF (60 mg/ml), and TGC (20 mg/ml) were prepared in dimethyl sulfoxide.
Except for TGC, which was used in experiments immediately after reconstitution, the remaining antibiotic
stock solutions were maintained at —35°C for up to 1 month, according to the manufacturer’s instruc-
tions. An appropriate amount of each antibiotic was further diluted to 1,024 mg/liter in Mueller-Hinton
broth and used to prepare a series of 2-fold dilutions ranging from 0.007 to 256 mg/liter.

Antibiotic susceptibility assessment. Planktonic MICs were determined according to the method
described in the CLSI M100 protocol (27th edition) (48). The MIC was determined as the lowest drug
concentration at which a prominent decrease in turbidity was observed, corresponding to a ca. 80%
reduction in visible growth. The MICs were recorded after incubation with each antimicrobial agent for
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24 h. Except for CST and TGC, susceptibility classification was determined using CLSI breakpoints (48).
Because CLSI has not yet issued interpretative criteria for CST and TGC regarding Enterobacteriaceae, the
MIC breakpoints for these drugs were obtained from EUCAST (49). MICs were defined according to a
previously described method for in vitro antibacterial susceptibility testing of biofilms, with minor
modifications (50). Biofilms were grown on the surface of flat-bottomed 96-well microtiter plates at 37°C
for 48 h. Mature biofilms were subsequently incubated with 2-fold dilutions of CST, RIF, MEM, and GEN
at concentrations ranging from 0.007 to 256 mg/liter and TGC at concentrations ranging from 0.007 to
64 mg/liter for 24 h. Drug-free biofilms containing only Mueller-Hinton broth served as controls. Biofilm
damage measured as the percent reduction of metabolic activity was assessed by 2,3-bis(2-methoxy-4-
nitro-5-sulfophenyl)2H-tetrazolium-5-carboxanilide salt (XTT) (0.25 mg/ml; Sigma-Aldrich) and coenzyme
Q, (40 wg/ml; Sigma-Aldrich) assays spectrophotometrically at 450 nm with a reference wavelength of
690 nm. Antibiotic activity was calculated according to the formula percent biofilm damage = (1 — X/
() X 100, where X is the absorbance of experimental wells and C is the absorbance of control wells. The
MIC for biofilms (MIC,,) was determined as the minimum antibacterial drug concentration that caused
=50% biofilm damage compared to untreated controls. Each concentration of CST, RIF, MEM, GEN, and
TGC for every clinical isolate was tested in pentaplicate, and each untreated control was tested in 16
replicates per experiment. The average values for these replicates were used in the data analysis to
determine the mean = standard error (SE) under each condition. All the experiments were performed
three times.

Combination antibiotic treatment against biofilms. Using the two-dimensional (8-by-12) check-
erboard microdilution method, mature biofilms of K. pneumoniae isolates were coincubated at 37°C for
24 h with serially 2-fold-diluted concentrations of CST ranging from 0.25 to 128 mg/liter; RIF, MEM, GEN,
and TGC ranging from 0.007 to 64 mg/liter alone; or CST in combination with RIF, MEM, GEN, and TGC
at the concentrations indicated above. Drug-free medium was used as a control. The range of drug
concentrations investigated was based on the biofilm MIC,, determined for each antimicrobial agent.
The combined effects of each of the antimicrobial agents with colistin were assessed by an XTT reduction
assay as described above.

Analysis of drug interactions. The in vitro interactions between colistin and each of the four
antimicrobial agents were analyzed using the Bliss independence model (51). According to the Bliss
model, the expected theoretical percentage of growth (;,,) (compared with an antimicrobial agent-free
control) describing the effect of the combination of two antimicrobial agents was calculated using the
equation E.4 = E, X Ez where E, and E; are the experimental percentages of growth when each
antimicrobial agent acts alone. For each combination of x mg/liter of antimicrobial agent A with y
mg/liter of antimicrobial agent B, the experimental observed percentage of growth, E_, ., was subtracted
from E,.q. When AE (AE = E, , — E,..) was positive and its 95% confidence interval (Cl) did not include
zero, statistically significant synergy was claimed for the specific combination, while when AE was
negative with its 95% Cl not including zero, significant antagonism was claimed. In any other case where
the 95% Cl of AE included zero, the conclusion was Bliss independence. AE was calculated for all the
combinations of drug concentrations for each of the isolates and for each of the three different
experiments. The mean and standard deviation of AE of all the combinations were calculated and are
reported for the combinations, which are statistically significantly synergistic (AE £ 95% Cl of >0) or
antagonistic (AE + 95% Cl of <0). The AEs that were statistically different from zero were constructed
as a three-dimensional plot, with peaks above and below the zero plane indicating synergistic and
antagonistic interactions, respectively, and the zero plane indicating indifferent interactions (51, 52).
Comparative analysis between synergistic interactions was performed by ordinary analysis of variance
(ANOVA) with Dunnett’s posttest. A P value of <0.05 indicated statistical significance.
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