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Abstract

Background:Klebsiella pneumoniae is a formidable nosocomial pathogen increasingly known for its antibiotic resistance,
posing a significant global health challenge. The emergence of carbapenem-resistant strains has necessitated the exploration of
alternative therapeutic strategies.

Objectives: This study aimed to evaluate the synergistic effects of combining nisin with colistin against K. pneumoniae isolates
and to determine whether this combination enhances antibacterial efficacy compared to colistin alone.

Methods: Ten K. pneumoniae isolates were collected from hospitalized patients in Iran. Antimicrobial susceptibility testing was
conducted using the Kirby-Bauer disk diffusion method. Minimum inhibitory concentration (MIC) assays were performed to
determine the MICs of nisin and colistin. Synergistic activity testing, biofilm formation assays, and time-kill assays were also
carried out to assess the effectiveness of the nisin-colistin combination.

Results: The study demonstrated that the nisin-colistin combination exhibited a synergistic effect, significantly reducing
colony counts over 24 hours for select isolates. However, the combination did not show statistically significant superiority in
antibiofilm activity compared to colistin alone. The time-kill assay confirmed the synergistic effect, showing a notable reduction
in colony counts within 24 hours. These findings underscored the complexities of biofilm structures and their resistance
mechanisms, highlighting the necessity for further research to optimize treatment outcomes.

Conclusions: This study provides a novel perspective on addressing antibiotic resistance in K. pneumoniae by evaluating the
synergistic potential of the nisin-colistin combination. The findings contribute to the development of innovative therapeutic
approaches to manage infections caused by this challenging pathogen.
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1. Background

Klebsiella pneumoniae represents a significant
adversary in clinical settings, recognized for its role as
an opportunistic, nosocomial pathogen capable of
causing a range of infectious conditions, including
pneumonia, septicemia, and urinary tract infections
(UTIs). The organism's increasing resistance to
antibiotics, particularly within the Enterobacteriaceae
family, highlights a critical global health challenge (1, 2).
The emergence of carbapenem-resistant strains—
carbapenems being the cornerstone antibiotics for
treating multidrug-resistant K. pneumoniae infections—

has intensified the search for alternative therapeutic
options (3-5).

With the declining efficacy of carbapenems,
polymyxins, especially colistin and polymyxin B, have
been revisited as viable treatments for infections
unresponsive to conventional antibiotics. However, the
heightened clinical and agricultural use of Polymyxins
has accelerated the dissemination of resistance
mechanisms (6, 7). Further complicating the eradication
of K pneumoniae is its ability to form biofilms—
structured bacterial communities adhering to surfaces
and encased in a protective matrix. Biofilms not only
promote bacterial persistence in the host by colonizing
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various anatomical sites but also hinder the penetration
of antimicrobial agents, complicating treatment
strategies (8).

In response to these challenges, recent research has
explored the synergistic potential of combining
Polymyxins with other antimicrobial agents, such as
antimicrobial peptides, to enhance treatment outcomes
(9). Among these peptides, nisin has gained
considerable attention for its broad-spectrum
antibacterial activity, particularly against gram-positive
bacteria. Nisin functions by binding to lipid-I, a critical
component in bacterial cell wall synthesis, disrupting
membrane integrity and inhibiting peptidoglycan
synthesis (10). While its efficacy against gram-positive
pathogens is well-established (11), the outer membrane
of Gram-negative bacteria typically restricts nisin's
activity. Nonetheless, emerging evidence suggests that
nisin, when combined with antibiotics, can exhibit
synergistic effects against gram-negative organisms,
including K. pneumoniae (12).

Promising research has demonstrated that
combinations of nisin with ceftriaxone or cefotaxime
enhance activity against Salmonella species (13).
Additionally, in vitro studies have highlighted
synergistic interactions between nisin and Polymyxin B
against standard strains of pathogens such as
Pseudomonas aeruginosa, Escherichia coli, and K
pneumoniae (14-16). Encouraging findings have also
emerged from evaluations of nisin and polymyxin B
against extensively drug-resistant (XDR) and pan-drug-
resistant (PDR) clinical isolates of Acinetobacter
baumannii (15,17).

This background lays the foundation for
investigating the synergistic potential of the nisin-
colistin combination versus colistin alone in combating
K. pneumoniae isolates, addressing a critical gap in the
therapeutic strategies against gram-negative bacterial
infections.

The primary aim of this study is to evaluate the
synergistic effects of combining nisin with colistin
against K. pneumoniae isolates. Specifically, the study
seeks to determine whether this combination enhances
antibacterial efficacy compared to colistin alone.

2. Objectives

Through comprehensive in vitro experimentation,
this research aspires to offer novel insights into
combating antibiotic resistance in K. pneumoniae,
potentially paving the way for innovative therapeutic
approaches to address infections caused by this
challenging pathogen.

3.Methods

3.1. Bacterial Strains and Growth Conditions

Ten K. pneumoniae isolates were collected from
hospitalized patients in Iran in August 2018. The isolates
were obtained from various clinical specimens,
including wounds, urine, blood, and tracheal aspirates.
Species identification was conducted based on a series
of biochemical tests, including SH,/indole/motility

reactions (17), triple sugar iron (TSI) agar reactions,
urease production on urea agar, growth on Simmons'
citrate agar medium, the methyl red/voges-proskauer
(MR/VP) test, and the ornithine decarboxylase (OD) test
(18). Upon confirmation, the isolates were stored in
tryptic soy broth (TSB) supplemented with 20% glycerol
at -70°C. Out of the 52 confirmed isolates, ten were
randomly selected for subsequent assays.

3.2. Nisin Preparation

Nisin powder, obtained from Sigma Aldrich (St. Louis,
MO, USA), was dissolved in distilled water, and the
resulting solution was stored at 4°C.

3.3. Antimicrobial Susceptibility Testing

The antimicrobial susceptibility of all K. pneumoniae
isolates was determined using the Kirby-Bauer disk
diffusion method on Cation-Adjusted Mueller Hinton
agar (Merck, Germany). The results were interpreted
according to the Clinical and Laboratory Standards
Institute (CLSI) 2018 or Food and Drug Administration
(FDA) breakpoints guidelines (17, 19). The antibiotics
used for the antibiogram determination of the collected
strains are listed in Table 1.

3.4. Minimum Inhibitory Concentration () Assays

The minimum inhibitory concentrations (MICs) of
nisin and colistin were determined in triplicate (with
the mean value used) using the broth microdilution
method in sterile 96-well polystyrene microplates with
Muller-Hinton broth (MHB) medium, adhering to CLSI
guidelines (20). Serial dilutions of nisin and colistin
were prepared, starting at a concentration of 128 pug/mL,
in a volume of 100 pL per well. The target strains were
grown overnight under appropriate conditions, and the
bacterial turbidity was adjusted to a 0.5 McFarland
standard, equivalent to approximately 1.5 x 108 CFU/mL.
The adjusted bacterial suspensions were then diluted
1:20 in MHB, and 10 pL of the diluted suspension (5 x 10*
CFU|well) was added to each well, followed by
incubation for 18 hours at 35°C.
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Table 1. Antibiotic Susceptibility of Klebsiella pneumoniae Isolates
Antibiotics Sensitive Intermediate Resistant
Gentamicin (10 ug) 1(10) 1(10) 8(80)
Pirlimycin (10 pg) 0(0) 0(0) 10 (100)
Levofloxacin (5 ug) 1(10) 0(0) 9(90)
Ceftriaxone (30 pg) 0(0) 0(0) 10 (100)
Doripenem (10 pg) 1(10) 0(0) 9(90)
Ampicillin (10 pg) 0(0) 0(0) 10 (100)
Cefepime (30 pg) 0(0) 0(0) 10 (100)
Minocycline (30 ug) 5(50) 2(20) 3(30)
Azithromycin (30 ug) 0(0) 1(10) 9(90)
Imipenem (10 pg) 1(10) 0(0) 9(90)
Amikacin (30 ug) 2(20) 0(0) 8(80)
Piperacillin-tazobactam (100/10 pg) 1(10) 0(0) 9(90)
Ertapenem (10 ug) 1(10) 0(0) 9(90)
Meropenem (10 ug) 1(10) 0(0) 9(90)
Ciprofloxacin (5 ug) 0(0) 0(0) 10 (100)
Ceftazidime (30 ug) 0(0) 1(10) 9(90)

@ Values are expressed as No. (%).

Minimum  inhibitory = concentrations  were
determined as the first clear well with no visible
bacterial growth. Quality control was conducted using
K. pneumoniae ATCC 700603, following CLSI guidelines
(21).

3.5. Synergistic Activity Testing

To evaluate the synergistic activity between nisin and
colistin, wells were filled with 50 upL of each
antimicrobial at equal concentrations, starting at 128
ug/mL. Serial dilutions were prepared, and the
appropriate bacterial suspension, as previously
described, was added to each well. The first clear well
with no visible bacterial growth was recorded and
compared to the MIC of each antimicrobial tested
individually.

3.6. Biofilm Formation Assay

The antibiofilm activity of nisin and colistin, both
individually and in combination, was assessed using the
microtiter plate method at a concentration of 1/2 MIC as
determined previously (22). Log-phase cells were

introduced to achieve a starting inoculum of 10°
CFU/mL, with all wells seeded in triplicate for a single
isolate. The plates were incubated for 18 hours at 37°C,
followed by three washes with phosphate-buffered
saline (PBS). After fixation with methanol for 15 minutes,
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the plates were stained with 1% crystal violet, rinsed with
PBS, and acetic acid was added to solubilize the dye. The
absorbance was measured at 570 nm using the Synergy
HTX Multi-Mode Reader (Agilent BioTek, USA). Data were
averaged from triplicate measurements. The cut-off OD
(ODc) was defined as three standard deviations above
the mean OD of the negative control. Based on this,
isolates were classified into four categories: OD < ODc
(non-adherent), ODc < OD < 2 x ODc (weakly adherent), 2
x ODc < OD < 4 x ODc (moderately adherent), and 4 x
ODc < OD (strongly adherent).

3.7.Time-Kill Assay

To evaluate the antibacterial activity of the nisin-
colistin combination compared to colistin alone against
K. pneumoniae isolates, a time-kill assay was performed
over a 24-hour period. An overnight culture in Mueller-
Hinton broth, adjusted to an approximate

concentration of 10> CFU/mL, served as the starting
inoculum in 10 mL universal tubes (23). Concentrations
equal to the MIC for nisin and colistin were added to the
broth. The cultures were incubated at 37°C with
continuous agitation for 24 hours. At intervals of 0, 2, 4,
6, and 24 hours post-inoculation, 100 pL samples were
collected and plated onto Mueller-Hinton agar. The
plates were incubated at 37°C for 24 hours, after which
colony counts were recorded (24). Time-kill curves
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Table 2. Minimum Inhibitory Concentration of Nisin and Colistin Alone or in Combination

Strains Nisin MIC (ug/mL) Colistin MIC (ug/mL) Nisin-Colistin Combination (ug/mL) Reduction in Colistin MIC
K2 >1024 2 22
K3 >1024 4 4[4
K4 >1024 4 44
K40 >1024 4 22 +
K41 >1024 4 0.5/0.5 +
K45 >1024 64 64/64
K51 >1024 128 64/64 +
K56 >1024 64 6464
K58 >1024 64 64/64
K72 >1024 05 0.5/0.5
Abbreviation: MIC, minimum inhibitory concentration.
Table 3. Biofilm Formation Assay by Microtiter in Four Conditions of Antibacterial
Strains Control Nisin Colistin Nisin + Colistin
K2 +1 + + +
K3 +3 +3 +3 +3
K4 +3 +3 +3 +3
K40 +2 +2 +2 +2
K41 +3 +3 +3 +3
K45 a3 ! Al =l
K51 +2 +1 + +
K56 +3 +3 + +
K58 +3 +3 + +1
K72 +1 +1 Al Hl

(CFU/mL vs. time) were generated using GraphPad Prism
9 software.

4. Results

4.1. Antimicrobial Susceptibility Testing

The antimicrobial susceptibility profiles of the 10
isolates were determined using the disk diffusion agar
method, with the results summarized in Table 1. All
isolates, except for K72, which was classified as
multidrug-resistant (MDR), exhibited resistance to
meropenem, imipenem, and ertapenem, categorizing
them as XDR isolates.

4.2. Antibacterial and Biofilm Eradication Assay

The results from the microdilution broth method are
summarized in Table 2. All isolates demonstrated
resistance to nisin at concentrations exceeding 1024
ug/mL. However, combination therapy with colistin in
isolates K40, K41, and K51 significantly reduced the MIC

of colistin by half. Nevertheless, when assessing
quantitative biofilm determination using the microtiter
assay, the nisin-colistin combination did not show
statistically significant superiority in antibiofilm
activity compared to colistin alone (Table 3).

4.4 Time-Kill Assay

The time-kill assay was conducted to evaluate the
efficacy of the nisin-colistin combination against
isolates K58 and K72, with each agent used at a
concentration equal to the MIC. The results, as shown in
Figure 1, demonstrated that the nisin-colistin
combination exhibited a synergistic effect, resulting in a
significant reduction in colony counts over 24 hours for
both isolates.

5. Discussion

The widespread emergence of antibiotic resistance
has become a critical global concern in recent years. One
organism of particular concern is K. pneumoniae, which

Arch Clin Infect Dis. 2024;19(6): 148571
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Figure 1. Time-kill assay curve and plates for K58 (A) and K72 (B) after exposure to antibacterial agents compared to control. The results demonstrated that the nisin-colistin
combination exhibited a synergistic effect, leading to a significant reduction in colony counts over 24 hours for both isolates

has demonstrated a remarkable ability to develop
resistance to carbapenems, a class of antibiotics often
considered a last resort for treating severe infections
(19).

Combination therapy may prove effective when
existing antibiotics are paired with safe, antibacterial
agents like nisin. Nisin binds to lipid II, a vital
component of the bacterial cell wall, disrupting its
structural integrity. This interaction compromises the
cell wall's ability to form and maintain an effective
barrier, rendering the inner membrane more accessible
(25).

The efficacy of nisin against gram-negative bacteria
has been demonstrated in previous studies, both as a
standalone agent and in combination with colistin or
polymyxin B. In this study, we investigated the
synergistic effects of combining nisin with colistin on
XDR and MDR clinical isolates of K. pneumoniae. A
comparative analysis between the singular use of
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antibacterial agents and their combined application
revealed a significant reduction in the MIC of colistin
when combined with nisin in select isolates,
highlighting a clear synergistic effect.

Consistent with our findings, nisin has shown
limited inhibitory effects on E. coli RR1 and Salmonella
choleraesuis ATCC 14028, even at high concentrations
(26). Similarly, in Singh’s research, no inhibition of
growth was observed at concentrations up to 400 pg/mL
against Salmonella enterica serovar Typhimurium NCTC74.
However, when combined with colistin, nisin
significantly enhanced antibiotic efficacy (13). This lack
of standalone activity is commonly attributed to the
gram-negative cell wall, which acts as a barrier
preventing nisin from accessing the inner membrane
(18). Colistin disrupts this outer membrane, allowing
nisin to penetrate and interact with the cell wall. This
disruption enhances the permeability of nisin, resulting
in increased antimicrobial activity (20). Thus, colistin
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serves as an effective adjuvant for amplifying the
antimicrobial effects of nisin.

Our observations are consistent with those of
Jahangiri et al., who reported synergistic effects of nisin
combined with colistin against P. aeruginosa and A.
baumannii.

However, our results diverge in biofilm eradication,
where the nisin-colistin combination did not surpass
the efficacy of colistin alone in our study. This
discrepancy could stem from differences in
experimental conditions, such as the concentration of
nisin, the duration of treatment, and the bacterial strain
used. Additionally, it is possible that the concentration
of colistin employed in other studies was more effective
at eradicating biofilms than the concentration used in
our study (21). The observation that all isolates
demonstrated resistance to nisin at concentrations
exceeding 1024 pg/mlL, yet exhibited reduced MICs for
colistin when combined with nisin in certain isolates,
suggests a partial synergistic effect. This aligns with
prior research indicating that combining antimicrobial
peptides (AMPs) like nisin with antibiotics can enhance
antibacterial efficacy (14, 22).

The intricacies of biofilm formation, influenced by
bacterial species and their inherent resistance
mechanisms, contribute to the nuanced response
observed in our study. This finding is consistent with the
work of Jamal et al., who emphasized the multifaceted
nature of biofilm dynamics and the significant
challenges associated with eradicating biofilms in
bacterial infections (23).

While some studies have reported enhanced effects
of AMP-antibiotic combinations against gram-negative
bacteria, others have highlighted challenges in
achieving consistent results, particularly against
biofilms (24, 27). Variations in outcomes could be
attributed to several factors, including differences in the
genetic makeup of bacterial strains, experimental
conditions, and the specific endpoints measured. The
varied efficacy of the nisin-colistin combination in
biofilm eradication assays underscores the complexity
of biofilm structures and their associated resistance
mechanisms. This suggests the necessity of further
studies to deepen our understanding of biofilm
dynamics and to explore additional strategies for
improving treatment outcomes.

Furthermore, our time-kill assay demonstrated a
significant reduction in colony counts over 24 hours for
isolates treated with the nisin-colistin combination. This
finding is consistent with reports by other researchers,
which support the enhanced bactericidal activity of
nisin in combination with polymyxin B against gram-

negative bacteria (14, 15, 28). Our results align with the
concept that combining antimicrobial peptides (AMPs)
with traditional antibiotics can disrupt bacterial cells
more effectively than either agent alone, particularly by
increasing membrane permeability and facilitating the
antibiotic's entry into bacterial cells (29).

Comparisons with published studies highlight the
diverse outcomes of nisin-antibiotic synergy against
different bacterial species. The variations in these
outcomes across studies underscore the importance of
considering experimental conditions, bacterial strains,
and the specific combinations of nisin with different
antibiotics. This variability highlights the need for
further research to explore the full potential of nisin-
antibiotic combinations.

One limitation of this study is its focus on isolates
from specific hospitals in Iran, which may affect the
generalizability of the findings. Future research could
include a broader geographic sampling to evaluate the
efficacy of the nisin-colistin combination across diverse
K. pneumoniae strains globally. Additionally, the varied
efficacy of the nisin-colistin combination in biofilm
eradication assays emphasizes the complexity of biofilm
structures and their associated resistance mechanisms.
Further studies are needed to better understand biofilm
dynamics and to explore additional strategies for
enhancing treatment outcomes.

It is also important to note that our research
primarily focuses on in vitro analyses. Translating these
findings into clinical success will require in vivo studies
and clinical trials to ascertain the safety, optimal
dosages, and real-world efficacy of the nisin-colistin
combination. Moreover, a deeper understanding of the
dynamics of synergistic interactions could pave the way
for developing tailored strategies to combat antibiotic-
resistant bacteria more effectively.

5.1. Conclusions

This study provides valuable insights into the
potential of nisin-antibiotic combinations for
combating drug-resistant K. pneumoniae, contributing
to the growing body of evidence supporting their
efficacy. While our findings align with those of certain
published studies, the observed variations in outcomes
highlight the necessity for tailored approaches in
addressing multidrugresistant infections. Further
research employing standardized methodologies and
incorporating a broader range of bacterial strains is
essential to better elucidate the full spectrum of nisin-
antibiotic interactions against K. pneumoniae. Such
efforts will enhance the translational potential of these
findings and inform the development of more effective
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strategies for managing drugresistant bacterial
infections.
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