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ABSTRACT

Polymyxin antibiotics are disfavored owing to their potential clinical toxicity, especially nephrotoxicity. However, the dry antibiotic
development pipeline, together with the increasing global prevalence of infections caused by multidrug-resistant (MDR) gram-negative
bacteria, have renewed clinical interest in these polypeptide antibiotics. This review highlights the current information regarding the
mechanisms of resistance to polymyxins and their molecular epidemiology. Knowledge of the resistance mechanisms and epidemiology
of these pathogens is critical for the development of novel antibacterial agents and rapid treatment choices.
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INTRODUCTION

Polymyxins have been used for over 50 years in both veterinary
and human medicine. Colistin is a decapeptide administered either
as colistin sulfate, an oral prodrug, or as colistin methanesulfonate
(CMS) when used intravenously’. There are five types of polymyxins,
from A to E, but only colistin (also known as polymyxin E) and
polymyxin B were clinically used in the 1950s, as they were found
to be the least nephrotoxic®. Ultimately, these antibiotics fell out of
favor, and their systemic use was reduced due to their considerable
adverse effects, particularly their potential for nephrotoxicity and
neurotoxicity®. Attempts to reduce nephrotoxicity through dosing
have also been discussed*. Among these, extensive monitoring of
renal function during therapy, avoiding the co-administration of
other known nephrotoxic agents when possible, and maintaining an
adequate fluid and electrolyte balance are essential components of
approaches that may reduce the risk of polymyxin-associated acute
kidney injury®. However, interest in systemic polymyxins has recently
reignited owing to the growing incidence of infections caused by
multidrug-resistant (MDR) gram-negative bacteria®. Unfortunately,
extensive use of colistin as a livestock food additive, along with
its inappropriate use in clinical medicine, has led to reservoirs
of high levels of resistance in gram-negative bacteria, such as
Acinetobacter baumannii, Enterobacteriaceae (Klebsiella pneumoniae
and Escherichia coli), and Pseudomonas aeruginosa’. Although the

value of polymyxins now used in health centers is acknowledged,
novel derivatives that are less toxic and more effective are needed.
CA824, FADDI-02, MicuRx-12, FADDI-287 and SPR206 [previously
CA1206] are polymyxins derivatives shown to be superior to the old
polymyxins in human clinical trials and rodent lung infection models
with P aeruginosa and/or A. baumannii®® Despite the improvements
in the discovery of new polymyxins derivatives, investigation groups
also have made excellent progress in clarifying the mechanism of
colistin resistance. The goal of the present review is to discuss the
molecular mechanisms of polymyxin resistance and their molecular
epidemiological data.

Mechanisms of Polymyxin Resistance

Polymyxins are cyclic peptides that share almost identical
primary structures. Polymyxin B is currently used in antimicrobial
therapy'®. Polymyxins selectively bind to lipopolysaccharides
(LPSs), thereby acting on the membranes of gram-negative
bacteria (Figure 1). LPSs are composed of three domains: the
central oligosaccharide, lipid A, and O antigen™. Lipid A, the
most vital domain, plays an essential role in maintaining the
stability and integrity of membrane structures. Initially, polymyxins
electrostatically interact with lipid A phosphate groups and replace
the calcium and magnesium ions, whose function is to cross-bridge
adjacent lipid A molecules and stabilize the outer membrane. These
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FIGURE 1: Antibacterial mechanisms of polymyxin: (a) classic mechanism of membrane lysis; (b) alternative mechanism of vesicle-
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interactions result in the decline of lipid A and the subsequent
disruption of the membrane, leading to cell lysis and death™.

Some chromosomal mutations have been associated with
colistin resistance, as they lead to changes in the outer membrane
elements essential to polymyxin function. Polymyxin resistance
is mediated mainly by the structural modification of membrane
LPSs through regulatory systems. These changes can reduce the
electrostatic attraction between the phosphate groups of lipid A
and polymyxin molecule’™.

Modification of the chemical composition of lipid A via the
biosynthesis and addition of phosphoethanolamine (pEtN) and
4-amino-4-deoxy-L-arabinose (L-Ara4N) are the most common
mechanisms. The master regulator of polymyxin resistance includes
a two-component Pho-PQ system. Sub-lethal concentrations
of polymyxin induce the PhoQ kinase sensor to phosphorylate
PhoP, leading to activation of the PmrA-PmrB system via the
PmrD protein®. Therefore, the PmrA-PmrB system stimulates the
expression of the arnBCADTEF operon, which is necessary for the
covalent alteration of the phosphate groups in lipid A. Structural
modifications decrease the negative charge on the membrane,
avoiding interactions with polymyxin'3.

Another regulatory system, crrAB, acts as a mediator of
polymyxin resistance. It comprises a histidine kinase (crrB) and
an inactivated or absent response regulator (crrA) in certain
strains of K. pneumoniae, leading to activation of the pmrCAB
system’. Numerous mutations have been documented in the
genes involved in polymyxin resistance. The most common
mechanism found in K. pneumoniae involves inactivation of mgrB
through nonsense mutations, nucleotide deletion, and truncation
by insertion elements. Recently, a clonal spread of polymyxin-
resistant K. pneumoniae isolates was described for the first time,
with polymyxin resistance linked with various changes in the mgrB
gene involving inactivation by an insertion sequence and nonsense

point mutations. The results showed that mgrB alterations were
the most frequent source of polymyxin resistance in Brazilian
clinical settings™.

Regarding inactivation by insertion elements (ISs), the IS5
family is the most frequently found, followed by the IS1 family.
These ISs can be inserted into the coding or promoter regions of
the gene™™. Lipid A content can also be altered by the addition of
pEtN. This is the most important resistance mechanism observed
in A. baumannii and may involve several genes, including eptB
(pagCQ), eptA (pmrC), and eptC (cptA)'e.

The loss of the O-antigen through the mutation of genes
implicated in the biosynthesis of this component has already
been delineated in Yersinia enterocolitica, Salmonella spp.,
and Enterobacteria. Reduced susceptibility to polymyxin may
be attributed to other regulatory genes that modulate lipid A
biosynthesis, such as ramA221,

Efflux pumps can also contribute to polymyxin resistance,
and several efflux pump regulators have been observed in
different species, such as BrIR, sensitive antimicrobial peptides
(Sap) proteins, KpnEF, or the AcrAB-TolC complex. Generally, the
activation of these pumps leads to increased resistance to several
antibiotics at the same time, including polymyxin®. Increased
expression of genes encoding capsule synthesis has also been
observed in strains of K. pneumoniae, E. coli, and P aeruginosa,
which cause resistance to polymyxin'®. These findings highlight
the importance of bacterial capsules for polymyxin resistance.

Polymyxin resistance was initially described to be associated
with chromosomal mechanisms with no possibility of horizontal
transfer. In 2016, a new plasmid-mediated resistance gene was
identified in bacterial isolates®>. The mcr-1 gene encodes an
enzyme of the phosphoethanolamine transferase family, which is
responsible for the synthesis and conjugation of pEtN to lipid A.
The first description occurred in China of bacterial isolates from
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animal foods (chickens and pigs). In humans, the first isolate was
identified in Latin America as an E. coli strain recovered from a
hospitalized patient?*?°. To date, nine variants of the mcr-1 gene
have been identified and sequentially named mcr-1 to mcr-9%7.
In enterobacteria, the genes mcr-1, mcr-2, and mcr-3 have been
isolated in plasmids and recently identified in the chromosomes
of Moraxella spp. and Aeromonas®2°.

Plasmid-mediated horizontal transfer results in the rapid
spread of resistance genes among several bacterial species, which
is responsible for a wide variety of MDR phenotypes in bacteria
that can cause infections in humans and animals. The existence
of mcr-1 and other resistance genes suggests the presence of
different pathways for the horizontal transmission of colistin
resistance and its high potential for propagation. The mcr-1 variant
can be connected to various types of plasmids, including IncHI2,
Incl2, IncP, IncX, and IncFIP. The association of these plasmids
with other genes that confer resistance has also been established,
with reduced susceptibility to quinolones, cephalosporins, and
fosfomycin discovered®3,

In a retrospective study, the mcr-1 gene was identified in E. coli
strains obtained from chicken farms in the 1980s, the same period
when colistin was introduced to China's livestock. The frequency
of mer-1 was found to be 20% in animal bacterial strains and 1%
in human bacteria in China®. A few months after being reported
for the first time, mcr-1 has been detected in bacterial isolates
from animals, humans, and the environment in various countries
in South America, North America, Europe, Asia, and Africa, and has
been identified in several bacterial genera, including Escherichia,
Shigella, Klebsiella, Salmonella, Enterobacter, and E. coli*'3*.

Molecular Epidemiology of Polymyxin-Resistant
Enterobacteria

Antimicrobial resistance is a major challenge to human and
animal health in the 21st century, and polymyxin resistance
appears to be an even more serious problem, compounded
by the fact that an efficient policy for the use of antibiotics in
animal and human production is absent in some countries. The
worldwide occurrence of resistance to polymyxins is 10% among
gram-negative bacteria, with higher rates in Southeast Asian and
Mediterranean countries®*3%3”, The increase in the use of polymyxin
for infections caused by MDR gram-negative bacteria has led to
the emergence of resistance in several countries worldwide, and
its prevalence may vary among regions. Countries such as South
Africa and Japan do not have access to polymyxin, and some areas
of the world have only colistin formulations, while, in other areas,
including Brazil, USA, Singapore, and Malaysia, clinicians prescribe
parenteral formulations of colistin or polymyxin B32. Reports are
scarce in African countries, whereas studies in South Africa and
Nigeria have reported resistance rates of less than 10%%. In the
Asian region, resistance to colistin is common mainly in isolates
of Enterobacter spp. and Klebsiella spp., prevalent in all countries
in the region except Singapore, with rates ranging from 13.8%
(India) to 50% (Philippines)3°3640,

In Brazilian hospitals, there was an increase in the rate of
polymyxin-resistant K. pneumoniae from 1.8% in 2009 to 15%
in 2013 and 35.5% in 2015*". It is considered endemic and is
frequently associated with high rates of morbidity and mortality
in patients'. A study conducted in Sado Paulo, Brazil on KPC-
producing K. pneumoniae isolates demonstrated that the

polymyxin resistance index varied from 0% in 2011 to 27% in
2015%4 Some studies carried out in different Brazilian hospitals
have identified strains of polymyxin-resistant enterobacteria,
whose responsible mechanisms include modification of membrane
LPS through inactivation of mgrB' and the presence of the mcr-1
gene344_ Although reports of cases from the USA and Europe
are generally rare, an increasing incidence from these regions has
been recorded in recent years*’4,

The identification of polymyxin resistance genes in
microorganisms isolated from animal food has rekindled debate
regarding the contribution of the undiscovered use of antibiotics
in animals to detect high levels of resistance in humans. Resistance
to polymyxin, encoded by the mcr-1 gene, is believed to have been
disseminated from animals to humans, based on the fact that they
were primarily obtained in groups of animals that consume a large
amount of this antibiotic during development. It is estimated that
approximately 12,000 tons of colistin are utilized per year in food
production, and that utilization is expected to rise to 16,500 tons
by 2021. In view of this scenario, preventive measures need to
be implemented to prevent the continuous dependence on this
antibiotic and control the spread of this resistance®.

CONCLUSIONS

Colistins and polymyxin B are potent bactericidal agents
against enterobacteria. However, polymyxin-resistant strains
have emerged at an alarming rate. As discussed in this review,
it is imperative that rigorous control measures that prevent
dissemination, as well as cautious use of polymyxins, are critical
until new drugs or alternative therapeutic advances are available. In
addition, studies of the molecular epidemiology of the distribution
and dissemination of mcr genes should be conducted.

ACKNOWLEDGMENTS

We are grateful to the Universidade Federal da Grande
Dourados (UFGD), Coordenacédo de Aperfeicoamento de Pessoal
de Nivel Superior (CAPES) for providing grants to K.E.S., and to the
Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico
(CNPq) for providing grants to L.R. and S.S. (Process number:
313742/2018-9).

REFERENCES

1. LiZ CaoY,Yil, LiuJ-H, Yang Q. Emergent Polymyxin Resistance: End
of an Era? Open Forum Infect Dis. 2019;6(10):0fz368.

2. Poirel L, Jayol A, Nordmann P. Polymyxins: Antibacterial Activity,
Susceptibility Testing, and Resistance Mechanisms Encoded by
Plasmids or Chromosomes. Clin Microbiol Rev. 2017;30(2):557-96.

3. Gallardo-Godoy A, Muldoon C, Becker B, Elliott AG, Lash LH, Huang
JX, et al. Activity and Predicted Nephrotoxicity of Synthetic Antibiotics
Based on Polymyxin B. J Med Chem. 2016;59(3):1068-77.

4. Nation RL, Rigatto MHP, Falci DR, Zavascki AP. Polymyxin Acute
Kidney Injury: Dosing and Other Strategies to Reduce Toxicity.
Antibiotics (Basel, Switzerland). 2019;8(1):24.

5. Zavascki AP, Nation RL. Nephrotoxicity of Polymyxins: Is There Any
Difference between Colistimethate and Polymyxin B? Antimicrob
Agents and Chemother. 2017;61(3):e02319-16.

6. LiZ CaoY,Yil LiuJ-H, Yang Q. Emergent Polymyxin Resistance: End
of an Era? Open Forum Infect Dis. 2019;6(10):0fz368.

www.scielo.br/rsbmt | www.rsbmt.org.br e




10.
11.

12.

13.
14.

15.

16.

17.

18.

19.

20.
21.
22.
23.
24.

25.

26.

(4]

Silva KS et al. - Polymyxin resistance in Enterobacteriaceae

Jeannot K, Bolard A, Plésiat P. Resistance to polymyxins in Gram-
negative organisms. Int J Antimicrob Agents. 2017;49(5):526-35.

Vaara M. Polymyxins and Their Potential Next Generation as
Therapeutic Antibiotics. Front Microbiol. 2019;10(1689).

Brown P, Abbott E, Abdulle O, Boakes S, Coleman S, Divall N, et
al. Design of Next Generation Polymyxins with Lower Toxicity: The
Discovery of SPR206. ACS Infect Dis. 2019;5(10):1645-56.

Velkov T, Roberts KD, Nation RL, Thompson PE, Li J. Pharmacology
of polymyxins: new insights into an 'old' class of antibiotics. Future
Microbiol. 2013;8(6):711-24.

Ayoub Moubareck C. Polymyxins and Bacterial Membranes: A Review
of Antibacterial Activity and Mechanisms of Resistance. Membranes
(Basel). 2020;10(8):181.

Gurjar M. Colistin for lung infection: an update. J Intensive Care.
2015;3(1):3.

Trimble MJ, Mlynarcik P, Kolair M, Hancock REW. Polymyxin:
Alternative Mechanisms of Action and Resistance. Cold Spring Harb
Perspect Med. 2016;6(10):a025288.

Khondker A, Dhaliwal AK, Saem S, Mahmood A, Fradin C, Moran-
Mirabal J, et al. Membrane charge and lipid packing determine
polymyxin-induced membrane damage. Commun Biol. 2019;2:67.

Miller AK, Brannon MK, Stevens L, Johansen HK, Selgrade SE, Miller
SI, et al. PhoQ mutations promote lipid A modification and polymyxin
resistance of Pseudomonas aeruginosa found in colistin-treated cystic
fibrosis patients. Antimicrob Agents Chemother. 2011;55(12):5761-9.

Baron S, Hadjadj L, Rolain JM, Olaitan AO. Molecular mechanisms
of polymyxin resistance: knowns and unknowns. Int J Antimicrob
Agents. 2016;48(6):583-91.

da Silva KE, Thi Nguyen TN, Boinett CJ, Baker S, Simionatto S.
Molecular and epidemiological surveillance of polymyxin-resistant
Klebsiella pneumoniae strains isolated from Brazil with multiple mgrB
gene mutations. Int J Med Microbiol. 2020;310(7):151448.

Jayol A, Nordmann P, Brink A, Poirel L. Heteroresistance to colistin
in Klebsiella pneumoniae associated with alterations in the PhoPQ
regulatory system. Antimicrob Agents Chemother. 2015;59(5):2780-4.

Giordano C, Barnini S, Tsioutis C, Chlebowicz MA, Scoulica EV, Gikas
A, et al. Expansion of KPC-producing Klebsiella pneumoniae with
various mgrB mutations giving rise to colistin resistance: the role of
ISL3 on plasmids. Int J Antimicrob Agents. 2018;51(2):260-5.

Olaitan AO, Morand S, Rolain JM. Mechanisms of polymyxin
resistance: acquired and intrinsic resistance in bacteria. Front
Microbiol. 2014;5:643.

Grégoire N, Aranzana-Climent V, Magréault S, Marchand S, Couet
W. Clinical Pharmacokinetics and Pharmacodynamics of Colistin. Clin
Pharmacokinet. 2017;56(12):1441-60.

YuZ,QinW, LinJ, Fang S, QiuJ. Antibacterial mechanisms of polymyxin
and bacterial resistance. Biomed Res Int. 2015;2015:679109-679109.

Liu YY, Wang Y, Walsh TR, Yi LX, Zhang R, Spencer J, et al. Emergence
of plasmid-mediated colistin resistance mechanism MCR-1 in
animals and human beings in China: a microbiological and molecular
biological study. Lancet Infect Dis. 2016;16(2):161-8.

Sun J, Zhang H, Liu YH, Feng Y. Towards Understanding MCR-like
Colistin Resistance. Trends Microbiol. 2018;26(9):794-808.

Wang R, van Dorp L, Shaw LP, Bradley P, Wang Q, Wang X, et al. The
global distribution and spread of the mobilized colistin resistance
gene mcr-1. Nat Commun. 2018;9(1):1179.

Xu F, Zeng X, Hinenoya A, Lin J. MCR-1 Confers Cross-Resistance
to Bacitracin, a Widely Used In-Feed Antibiotic. mSphere.
2018;3(5):e00411-18.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Carroll LM, Gaballa A, Guldimann C, Sullivan G, Henderson LO,
Wiedmann M. Identification of Novel Mobilized Colistin Resistance
Gene mcr-9 in a Multidrug-Resistant, Colistin-Susceptible Salmonella
enterica Serotype Typhimurium Isolate. mBio. 2019;10(3):e00853-00819.

Zhang J, Chen L, Wang J, Yassin AK, Butaye P, Kelly P, et al. Molecular
detection of colistin resistance genes (mcr-1, mcr-2 and mcr-3) in
nasal/oropharyngeal and anal/cloacal swabs from pigs and poultry.
Sci Rep. 2018;8(1):3705.

Wang X, Wang Y, Zhou Y, Li J, Yin W, Wang S, et al. Emergence of
a novel mobile colistin resistance gene, mcr-8, in NDM-producing
Klebsiella pneumoniae. Emerg Microbes Infect. 2018;7(1):1-9.

Al-Tawfiq JA, Laxminarayan R, Mendelson M. How should we respond
to the emergence of plasmid-mediated colistin resistance in humans
and animals? Int J Infect Dis. 2017;54:77-84.

Caselli E, D'Accolti M, Soffritti I, Piffanelli M, Mazzacane S. Spread of
mcr-1-Driven Colistin Resistance on Hospital Surfaces, Italy. Emerg
Infect Dis. 2018;24(9):1752-3.

Dalmolin TV, Martins AF, Zavascki AP, de Lima-Morales D, Barth
AL. Acquisition of the mcr-1 gene by a high-risk clone of KPC-
2-producing Klebsiella pneumoniae ST437/CC258, Brazil. Diagn
Microbiol Infect Dis. 2018;90(2):132-3.

Kirekci C, Osek J, Aydin M, Tekeli 10, Kurpas M, Wieczorek K, et al.
Evaluation of bulk tank raw milk and raw chicken meat samples as
source of ESBL producing Escherichia coli in Turkey: Recent insights.
J Food Saf. 2019;39(2):e12605.

Lorenzoni VV, Dalmolin TV, Franco LN, Barth AL, Horner R.
Bloodstream infection by mcr-1-harboring Escherichia coli in a
cancer patient in southern Brazil. Bras J Infect Dis. 2018;22(4):356-7.

Nagy A, Székelyhidi R, Hanczné Lakatos E, Kapcsandi V. Review on
the occurrence of the mcr-1 gene causing colistin resistance in cow's
milk and dairy products. Heliyon. 2021;7(4):e06800.

Bialvaei AZ, Samadi Kafil H. Colistin, mechanisms and prevalence of
resistance. Curr Medical Res Opin. 2015;31(4):707-21.

Moawad AA, Hotzel H, Neubauer H, Ehricht R, Monecke S, Tomaso
H, et al. Antimicrobial resistance in Enterobacteriaceae from healthy
broilers in Egypt: emergence of colistin-resistant and extended-
spectrum B-lactamase-producing Escherichia coli. Gut Pathog.
2018;10:39.

Poirel L, Jayol A, Nordmann P. Polymyxins: Antibacterial Activity,
Susceptibility Testing, and Resistance Mechanisms Encoded by
Plasmids or Chromosomes. Clin Microbiol Rev. 2017;30(2):557-596.

Williams PCM, Isaacs D, Berkley JA. Antimicrobial resistance among
children in sub-Saharan Africa. Lancet Infect Dis. 2018;18(2):e33-e44.

Elmonir W, Abd El-Aziz NK, Tartor YH, Moustafa SM, Remela EMA,
Eissa R, et al. Emergence of Colistin and Carbapenem Resistance in
Extended-Spectrum B-Lactamase Producing Klebsiella pneumoniae
Isolated from Chickens and Humans in Egypt. Biology (Basel).
2021;10(5):373.

Boszczowski |, Salomdo MC, Moura ML, Freire MP, Guimaraes T, Cury
AP, et al. Multidrug-resistant Klebsiella pneumoniae: genetic diversity,
mechanisms of resistance to polymyxins and clinical outcomes in a tertiary
teaching hospital in Brazil. Rev Inst Med Trop Sao Paulo. 2019;61:e29.

Bartolleti F, Seco BMS, Capuzzo Dos Santos C, Felipe CB, Lemo
MEB, Alves TS, et al. Polymyxin B Resistance in Carbapenem-
Resistant Klebsiella pneumoniae, Sdo Paulo, Brazil. Emerg Infect Dis.
2016;22(10):1849-51.

Sampaio JLM, Gales AC. Antimicrobial resistance in Enterobacteriaceae
in Brazil: focus on B-lactams and polymyxins. Braz J Microbiol. 2016;47
(Suppl 1):31-7.

www.scielo.br/rsbmt | www.rsbmt.org.br




44,

45.

46.

OPEN
acerss

Rev Soc Bras Med Trop | on line | Vol.:55 | (€0349-2021) | 2022

Rossi F, Girardello R, Cury AP, Di Gioia TS, Almeida JN, Jr., Duarte
AJ. Emergence of colistin resistance in the largest university hospital
complex of Sdo Paulo, Brazil, over five years. Braz J Infect Dis.
2017;21(1):98-101.

Aires CA, Pereira PS, Asensi MD, Carvalho-Assef AP. mgrB Mutations
Mediating Polymyxin B Resistance in Klebsiella pneumoniae
Isolates from Rectal Surveillance Swabs in Brazil. Antimicrob Agents
Chemother. 2016;60(11):6969-72.

Daza-Cardona EA, Buenhombre J, Fontenelle ROS, Barbosa FCB.
mcr-mediated colistin resistance in South America, a One Health
approach: a review. Reviews and Research in Medical Microbiology.
2022; 33(1): 119-136.

47.

48.

www.scielo.br/rsbmt | www.rsbmt.org.br

Decré D, Verdet C, Emirian A, Gourrierec TL, Petit JC, Offenstadt G, et
al. Emerging severe and fatal infections due to Klebsiella pneumoniae
in two university hospitals in France. J Clin Microbiol. 2011;49(8):
3012-4.

Rafat C, Messika J, Barnaud G, Dufour N, Magdoud F, Billard-Pomares
T, et al. Hypervirulent Klebsiella pneumoniae, a 5-year study in a
French ICU. J Med Microbiol. 2018;67(8):1083-9.

Received 16 July 2021 | Accepted 12 November 2021



https://creativecommons.org/licenses/by/4.0/

