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Antibiotics have been a cornerstone of modern medicine and have saved mil-
lions of lives. The use of antibiotics in the clinic has made many complicated 
procedures and treatment modalities possible. Unfortunately, resistance to 
these ‘magic bullets’ has become widespread and now poses a serious threat 
to human health on a global scale. Over the last two decades, Gram-negative 
‘superbugs’, in particular Acinetobacter baumannii, Pseudomonas aerugi-
nosa, Klebsiella pneumoniae and Escherichia coli, have been very successful 
in developing resistance to most, and in some cases, all currently available 
antibiotics. Very often, clinicians have no newer alternatives but an ‘old’ class 
of antibiotics, namely, polymyxins, to treat deadly infections caused by these 
notorious pathogens. However, polymyxins (i.e. colistin and polymyxin B) 
were almost abandoned soon after their approval in the late 1950s and had 
never been rigorously evaluated through the modern drug regulatory system. 
Therefore, major knowledge gaps exist and have significantly limited the 
optimization of their clinical use. Furthermore, the polymyxins have already 
been off-patent for several decades and pharmaceutical companies are not 
interested in redeveloping both ‘old’ antibiotics.

The onus lies upon a number of academic research groups who have con-
ducted an enormous number of pharmacological, chemical, microbiological 
and clinical studies since the late 1990s with the funding mainly from govern-
ments. Now, clinicians are in a much better position with regard to dosing 
polymyxins for a variety of types of patients. Excitingly, several promising 
candidates are being evaluated in the drug discovery pipeline. Recognizing 
these achievements, three international conferences were held on polymyxins 
(2013, Prato, Italy; 2015, San Diego, USA; and 2018, Madrid, Spain) with 
international opinion leaders and attendees from a large number of countries 
around the world. Programmes and slides from the presentations are freely 
available at the website of the International Society of Antimicrobial 
Pharmacology (https://www.isap.org/index.php/activities/special-meetings).

Polymyxins are arguably one of the most difficult classes of antibiotics to 
research for several reasons, including their complex amphiphilic chemical 
structures, stickiness to tubes and plates, complicated product composition 
and confusing product labelling conventions. We believe that many research-
ers have met significant challenges in developing a sensitive and reliable 
assay for the measurement of polymyxins in different biological matrices for 
pharmacokinetic and pharmacodynamic studies. To promote the research and 
facilitate their clinical use, here, we have brought together the top researchers 
in the field to write the first-ever book on the polymyxins. This book com-
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prises chapters on all major topics in the polymyxin field and reviews the 
current progress that has been made in our understanding of the chemistry, 
microbiology, pharmacology, clinical use and drug discovery of polymyxins. 
We are hopeful that this book will provide readers with a one-stop source 
about polymyxin research and help clinicians to improve patient care.

The world is heading towards a potential post-antibiotic era due to the 
rapid increase of antibiotic resistance and the lack of commercial interest in 
developing new antibiotics. Therefore, every effort must be made to secure 
the clinical utility of this last-line defence against Gram-negative pathogens.

Finally, we would acknowledge the many contributions of authors and 
reviewers in the creation of this polymyxin book. This book is in memory of 
Professors Alan Forrest and Johan Mouton, who made significant contribu-
tions to polymyxin pharmacology. We are also very grateful to our families 
and colleagues for their support.

Enjoy the reading!

Monash University, Clayton Campus,  
Melbourne, VIC, Australia�  

 

 

Jian Li 

Monash University, Parkville Campus,  
Melbourne, VIC, Australia �

Roger L. Nation 

University of Michigan Medical School,  
Ann Arbor, MI, USA �

Keith S. Kaye 
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Reviving Polymyxins: 
Achievements, Lessons 
and the Road Ahead

Jian Li

Abstract
Antibiotic resistance has become the most sig-
nificant threat to human health across the 
globe. Polymyxins are often used as the only 
available therapeutic option against Gram-
negative ‘superbugs’, namely Acinetobacter 
baumannii, Pseudomonas aeruginosa and 
Klebsiella pneumoniae. The limited pharma-
cological and clinical knowledge on the poly-
myxins in the old literature substantially 
limited optimizing their clinical use. The cur-
rent chapter provides a general introduction to 
this first-ever polymyxin book which compre-
hensively reviews the significant progress over 
the last two decades in the chemistry, microbi-
ology, pharmacology, clinical use and drug 
discovery of polymyxins. In particular, recent 
pharmacological results have led to the first 
scientifically-based dosing recommendations 
and facilitated the discovery of new-generation 
polymyxins. Future challenges in polymyxin 
research are highlighted, aiming at improving 
the clinical utility of this last-line defence.

Keywords
Antibiotic resistance · Drug discovery · 
Polymyxin · Pharmacology · Clinical use

1.1	 �Introduction

One of the most outstanding achievements of 
modern medicine was the development of antibi-
otics for treatment of bacterial infections that 
were widely fatal. Antibiotics are regarded as 
‘miracle drugs’ and have significantly decreased 
mortality worldwide over the last century [1]. 
They have made many complicated surgical pro-
cedures and treatments possible; unfortunately, 
an increasing number of infections (e.g. pneumo-
nia) are becoming more and more difficult to 
treat, as our current antibiotics are losing their 
efficacy. Over the last three decades resistance to 
these ‘magic bullets’ has presented the most sig-
nificant threat to human health globally. If proac-
tive solutions are not found to prevent the 
widespread antibiotic resistance, it is estimated 
that by 2050 approximately 10 million people per 
year will die of antimicrobial-resistant infections, 
which is more than the number of people dying 
from any other type of disease (Fig. 1.1) [2].

Antibiotic resistance causes increased mortal-
ity, longer hospital stays and higher medical 
costs. Globally, the cost of antimicrobial resis-
tance is enormous in terms of the economy and 
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human health [3, 4]. It is predicted that a cumula-
tive US$100 trillion of economic output by 2050 
is at risk due to antimicrobial resistance [2]. 
Based upon the projections of the world economy 
in 2017–2050, The World Bank Group estimated 
that antibiotic resistance could cost the world 
economy $1 trillion every year by 2050 [5]. A 
recent study showed that the total economic cost 
of antibiotic resistance in Staphylococcus aureus, 
Escherichia coli, Klebsiella pneumoniae, 
Acinetobacter baumannii and Pseudomonas 
aeruginosa reached $2.8 billion per year in the 
US [6]. Furthermore, antibiotic resistance 
increases poverty worldwide and affects poorest 
countries the most [5].

Worryingly, many large pharmaceutical com-
panies have left the antibiotic market, because the 
development of new antibiotics is scientifically 
challenging and not as profitable as for drugs 
used to treat chronic conditions and lifestyle 
issues [7–9]. A recent report reviewed the major 
pharmaceutical launches between 2014 and 2016 
across a range of therapeutic areas [9]. It is evi-
dent that in anti-cancer drugs the risk of losing 
$450 million on a new molecular entity is easily 
offset by $8,200 million expected net present 

value. However, developing new antibiotics is 
astonishingly less attractive, as the expected net 
present value for the new antibiotics launched 
during 2014–2016 is −$100 million while with a 
financial risk of $500 million [9]. The World 
Health Organization (WHO) has urged all gov-
ernment sectors and society to act on antibiotic 
resistance. In 2017, WHO identified a list of pri-
ority pathogens which are resistant to the major-
ity of currently available antibiotics and urgently 
require new therapeutic options (Fig. 1.2) [10].

As shown in the WHO Priority Pathogen List, 
carbapenem-resistant Gram-negative A. bauman-
nii, P. aeruginosa and K. pneumoniae are particu-
larly problematic, as efficacious therapeutic 
options are quickly diminishing against life-
threatening infections caused by these pathogens 
[10]. All three ‘superbugs’ can develop resistance 
to almost all major classes of antibiotics via mul-
tiple mechanisms. A recent study investigated 
antibiotic resistance in A. baumannii infections 
with inpatients or outpatients from 54 studies (35 
from the Organisation for Economic Co-operation 
and Development [OECD] countries with 57,188 
bacterial isolates and 19 from non-OECD coun-
tries with 7,395 isolates) by searching Medline, 

Fig. 1.1  Predicted 
global deaths due to 
antimicrobial-resistant 
infections every year, 
compared to other major 
diseases [2]
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Fig. 1.2  A list of 
priority pathogens 
identified by WHO for 
research and 
development of new 
antibiotics [10]

Fig. 1.3  Antibiotic 
resistance in A. 
baumannii. (a) 
Prevalence of multidrug-
resistance to major 
antibiotics except 
colistin and tigecycline 
during 2000 and 2016 in 
the Organisation for 
Economic Co-operation 
and Development 
(OECD) and non-OECD 
countries. (b) Increasing 
antibiotic resistance in 
OECD and non-OECD 
countries between 2000 
and 2016 [11]. http://
creativecommons.org/
licenses/by/4.0/

Embase, Web of Science, and Cochrane data-
bases [11]. Strikingly, a high prevalence of 
multidrug-resistance in A. baumannii infections 

is evident in both OECD and non-OECD coun-
tries, and a faster increase was clearly shown in 
OECD countries over the last decade (Fig. 1.3). 
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In general, resistance to most commonly used 
antibiotics in A. baumannii is >70% in both 
OECD and non-OECD countries [11]. P. aerugi-
nosa is intrinsically resistant to many antibiotics 
and is a major cause of healthcare-associated 
infections globally. The European Centre for 
Disease Prevention and Control (ECDC) has one 
of the most comprehensive antibiotic susceptibil-
ity surveillance programs in the world. According 
to its latest antibiotic surveillance report, the rate 
of resistance to three or more major classes of 
antipseudomonal antibiotics (including piperacil-
lin/tazobactam, ceftazidime, carbapenems, fluo-
roquinolones and aminoglycosides) is 
disturbingly high, in particular in eastern and 
south-eastern European countries (Fig. 1.4) [12]. 
K. pneumoniae is another major pathogen which 
can become resistant to multiple classes of anti-
biotics and cause serious hospital-acquired infec-
tions, such as pneumonia, urinary tract infections 
and bloodstream infections. The resistance rate to 
fluoroquinolones, third-generation cephalospo-

rins and aminoglycosides has reached >50% in 
Egypt [13] and a number of eastern European 
countries (Fig. 1.5) [12]. Sadly, few novel antibi-
otics will become available for these very prob-
lematic Gram-negative pathogens in the near 
future [2, 14, 15]. In many cases, polymyxins 
have to be used as the last resort for the treatment 
of life-threatening infections caused by A. bau-
mannii, P. aeruginosa and K. pneumoniae 
[15–20].

Polymyxins (i.e. colistin [also known as poly-
myxin E] and polymyxin B) entered the clinic in 
the late 1950s, but their use waned in the 1970s 
due to the potential nephrotoxicity and neurotox-
icity [15, 16, 18, 21, 22]. Since the 2000s, how-
ever, clinicians have had to increasingly use 
colistin and polymyxin B as one of the very few 
therapeutic options for Gram-negative ‘super-
bugs’. This chapter serves as an introduction to 
this book and provides an overview of the micro-
biology, chemistry, pharmacology, clinical use, 
and drug discovery of polymyxins.

Fig. 1.4  Antibiotic resistance in P. aeruginosa to three or more classes among piperacillin/tazobactam, ceftazidime, 
carbapenem, fluoroquinolones and aminoglycosides in Europe in 2017 [12]
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1.2	 �Polymyxins: A New ‘Old’ 
Class of Antibiotics

Colistin and polymyxin B (Fig.  1.6) were 
approved for clinical use in the late 1950s and 
were not subject to contemporary drug 
development evaluations and regulatory scrutiny. 
As polymyxins have been off patent for many 
years and were not widely used between the 
1970s and 1990s, most pharmacological infor-
mation on colistin and polymyxin B is from the 
studies conducted in academic research groups 
over the last two decades. Figure  1.7 clearly 
shows that polymyxins have attracted significant 
research and clinical interest since the early 
2000s, due to increasing need to use them against 
multidrug-resistant Gram-negative pathogens. A 
number of major achievements have been made 
in the polymyxin field over the last two decades, 
including (1) a better understanding of the chem-
istry, structure-activity-toxicity relationships, 
and mechanisms of antibacterial activity, resis-
tance and toxicity of polymyxins; (2) the first 
scientifically-based dosing recommendations for 

intravenous colistin based on the latest pre-
clinical and clinical pharmacokinetic, pharmaco-
dynamic and toxicodynamic information; and (3) 
the development of new-generation polymyxins 
informed by the newest chemical and pharmaco-
logical results. In this book, we invited interna-
tional experts to provide comprehensive reviews 
on all of these major topics on polymyxins, with 
the aim of assembling the information needed to 
facilitate optimizing their clinical use and 
the development of novel, safer polymyxins.

This book starts with a comprehensive review 
on multidrug-resistance in Gram-negative ‘super-
bugs’ (Chap. 2) which highlights the urgent need 
to optimize the clinical use of both polymyxins 
and minimize any potential emergence of resis-
tance. An in-depth introduction on the history, 
antibacterial spectrum and chemistry of polymyx-
ins (Chap. 3) provides key information to under-
stand how polymyxins kill bacterial cells (Chap. 
4) and how bacteria develop resistance (Chap. 5). 
To optimize the dosage regimens of polymyxins, it 
is essential to develop sensitive and accurate ana-
lytical methods (Chap. 6), investigate the pharma-

Fig. 1.5  Percentage (%) of K. pneumoniae isolates resistant to fluoroquinolones, third-generation cephalosporins and 
aminoglycosides in Europe in 2017 [12]

1  Reviving Polymyxins: Achievements, Lessons and the Road Ahead
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cokinetics in animals (Chap. 7), characterize the 
pharmacodynamics using in vitro and animal 
models (Chap. 8), and determine antibacterial sus-
ceptibility breakpoints (Chap. 9). The two differ-
ent conventions used to describe the dose of 
colistin, the complex composition of polymyxin 
products, and the different pharmacopoeial stan-
dards have caused considerable confusion in dif-
ferent parts of the world, and together with the 
outdated product information can affect the ability 
of clinicians to optimize the use of polymyxins in 
patients (Chap. 10). Chapters 11, 12, 13, 14, 15, 
and 16 review the latest achievements in improv-
ing the use of colistin, polymyxin B and potential 
synergistic combinations in the clinic, which is a 
major focus of this polymyxin book. As polymyx-
ins have a narrow therapeutic window and nephro-
toxicity is the major dose-limiting factor [17, 22, 
23], understanding their toxicities (Chap. 17) and 
mechanisms (Chap. 18) are crucial to ensuring 
their optimum and safe use in the clinic. In addi-
tion, the anti-endotoxin effect of polymyxins has 
been extensively evaluated for the treatment of 
severe sepsis and septic shock (Chap. 19). Finally, 
Chap. 20 reviews the latest progress in developing 
new-generation polymyxins with better antibacte-
rial activity and safety profiles, which is informed 
by the modern polymyxin pharmacology research.

A number of major challenges and gaps in 
knowledge have been identified in this book. There 
is an imperative to systematically evaluate the clin-
ical efficacy of intravenous colistimethate (an inac-
tive prodrug of colistin, see Chap. 3) and polymyxin 
B against different types of infections (e.g. blood 
and urinary tract infections) [24, 25]. A large clini-
cal PK/PD/TD study on intravenous polymyxin B 
is being conducted in critically-ill patients funded 
by the National Institutes of Health (ClinicalTrials.
gov Identifier: NCT02682355). Hopefully, scien-
tifically-based dosing recommendations will be 
available in the near future for intravenous poly-
myxin B in different types of patients. Considering 
the narrow therapeutic window, prospective studies 
with therapeutic drug monitoring and adaptive 
feedback control are needed for optimizing the use 
of both polymyxins in patients. For the treatment of 
MDR Gram-negative respiratory tract infections, 
inhalation of polymyxins is very likely a better 

option than intravenous administration, because of 
the PK/PD considerations. However, the current 
dosage regimens of inhaled colistin and polymyxin 
B are empirical and not based on PK/PD/TD infor-
mation. The literature on polymyxin combination 
therapy versus monotherapy is confusing. Most 
clinical studies evaluating the efficacy of poly-
myxin combinations in the literature have over-
looked the significant PK/PD issues due to the 
limited polymyxin exposure in the lungs after intra-
venous administration. PK/PD/TD principles must 
be considered when optimizing polymyxin combi-
nation therapy, as it is not as simple as dosing mul-
tiple antibiotics together. To achieve synergistic 
killing in vivo, all drugs should achieve optimal 
exposure at the infection site at the right timing; 
otherwise, polymyxin ‘combination’ therapy is 
essentially monotherapy. As nephrotoxicity can 
occur in patients receiving intravenous polymyx-
ins, innovative approaches are warranted to 
increase their therapeutic indices, thereby improv-
ing the efficacy. Development of new-generation 
polymyxins is challenging due to the narrow chem-
ical space and the complex relations between the 
chemical structure, antibacterial activity, different 
resistance mechanisms, toxicity and PK (e.g. 
plasma protein binding). Taken together, collective 
efforts are essential to address these challenges in 
the coming years.

1.3	 �Summary

Almost 60 years after polymyxins were approved 
for clinical use, clinicians are now in a much bet-
ter position to determine appropriate dosage regi-
mens for intravenous polymyxins in patients, 
which is the result of extensive preclinical and 
clinical pharmacological investigations over the 
last two decades. Since 2013, three international 
conferences have been held with the contribu-
tions of distinguished speakers worldwide, most 
of whom are authors in this book, the first-ever 
on polymyxins. It is very encouraging that sub-
stantial progress has been made across all major 
areas of polymyxin research, and the list of high-
priority issues and challenges identified at the 
international polymyxin conferences becomes 

1  Reviving Polymyxins: Achievements, Lessons and the Road Ahead
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shorter. In this ‘Bad Bugs, No Drugs’ era, poly-
myxins will continue to play an important role in 
the treatment of life-threatening infections caused 
by Gram-negative ‘superbugs’.
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Multidrug-Resistant Gram-
Negative Pathogens: The Urgent 
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Abstract
Antibiotic resistance has presented a major 
health challenge in the world and many iso-
lates of Enterobacteriaceae, Acinetobacter 
baumannii and Pseudomonas aeruginosa 
become resistant to almost all current antibiot-
ics. This chapter provides an overview on the 
mechanisms of antibiotic  resistance in  these 
Gram-negative pathogens and outlines the for-
midable problem of the genetics of bacterial 
resistance. Prevalent multidrug-resistance in 
Gram-negative bacteria underscores the need 
for optimizing the clinical use of the last-line 
polymyxins.

Keywords
Antibiotic resistance · Enterobacteriaceae · 
Acinetobacter baumannii · Pseudomonas 
aeruginosa · polymyxin

Penicillin-resistant bacteria were detected within 
the first decade of use of this antibiotic. More 
than 70 years later, antibiotic use for hospitalized 
patients has switched to agents such as carbapen-
ems, quinolones, aminoglycosides and tigecy-
cline. Unfortunately, the epidemiology of 
infections has changed so that bacteria resistant 
to some or all of these antibiotics are now com-
monplace in many institutions. Typically, units 
with compromised patients and heavy antibiotic 
use, such as intensive care units, hematology and 
transplant wards, and long-term stay units are 
those in which multidrug-resistant bacteria are 
most common. Although attention in the past 
focused on antibiotic-resistant Gram-positive 
organisms (such as methicillin-resistant 
Staphylococcus aureus or vancomycin-resistant 
Enterococcus faecium), the problem bacteria 
today are the Gram-negative bacteria. The 
Enterobacteriaceae, Acinetobacter spp. and 
Pseudomonas aeruginosa are common causes of 
healthcare-acquired infections [1] and are fre-
quently resistant to commonly used antibiotics.

The purpose of this chapter is to outline the 
mechanisms of resistance in these Gram-negative 
pathogens, as a means of outlining the formida-
ble problem of the genetics of bacterial resis-
tance. It underscores the need for polymyxins, 
since this class of pathogens is not susceptible to 
beta-lactams and related resistance mechanisms 
so frequently seen today.
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2.1	 �Enterobacteriaceae

Carbapenem antibiotics have typically been 
regarded as highly stable to beta-lactamases, for 
example via extended-spectrum beta-lactamases 
(ESBLs). However, over the last decade, many of 
the Enterobacteriaceae have become resistant to 
carbapenems by way of production of carbapen-
emase enzymes [2].

Early reports of carbapenem-resistant 
Enterobacteriaceae were as a result of expression 
of AmpC type beta-lactamases or ESBLs plus 
loss of outer-membrane proteins in K. pneu-
moniae [3]. However, carbapenem resistance in 
the Enterobacteriaceae has emerged over the last 
15–20 years due to production of beta-lactamases 
known as carbapenemases [4]. In the United 
States and some parts of Europe, the most fre-
quently observed type of carbapenemase is the 
KPC type [5, 6]. KPC-producing strains are typi-
cally multidrug-resistant, being resistant to car-
bapenems, penicillins, cephalosporins, 
fluoroquinolones and aminoglycosides [6]. 
Therefore, polymyxins are one of the few options 
available for use against KPC producers. A single 
clone of KPC-producing K. pneumoniae (known 
as ST 258 by multilocus sequence typing 
(MLST)), has been found in the United States, 
Israel and some parts of Europe (particularly 
Greece and Italy) [7, 8]. This indicates that a 
hospital-adapted clone of KPC-producing K. 
pneumoniae was transferred from person to per-
son as a result of breakdown in infection control 
measures. A new beta-lactamase inhibitor, avi-
bactam, does have activity against the KPC beta-
lactamase. However, data are limited as to its 
clinical effectiveness against KPC producers, and 
it remains to be seen as to whether it will replace 
polymyxins as drug of choice for KPC-producing 
organisms.

Although KPC has been found in China and 
other parts of Asia, resistance of the 
Enterobacteriaceae to carbapenems in Asia is 
more frequently due to production of 
metallo-beta-lactamases (MBLs) than due to 
KPC.  A variety of MBLs have been detected. 
Foremost amongst these is the NDM beta-
lactamase [9]. Like the KPC-type beta-lactamase, 

producers of NDM and other MBLs are typically 
resistant to carbapenems, penicillins, cephalo-
sporins, fluoroquinolones and aminoglycosides. 
This explains the necessity to use polymyxins in 
significant infections due to NDM producers.

The NDM-type β-lactamase was first isolated 
in 2009 from a Swedish patient returning from 
India [9]. The patient was infected with NDM 
producing K. pneumoniae, resistant to multiple 
antibiotics including all carbapenems. The blaNDM 
gene has now spread to all inhabited continents 
and is carried by multiple Gram-negative species 
[10]. NDM producing organisms have been 
strongly linked with the Indian subcontinent 
(India, Pakistan, Bangladesh and Nepal) [11]. 
China is also known to be a reservoir country for 
NDM producers, although surveillance data is not 
yet complete – at this stage it does not appear that 
NDM producers are as widely prevalent in China 
as in the Indian subcontinent. The Balkan states 
(for example, Serbia, Montenegro, and Bosnia-
Herzegovina) may also be considered as a reser-
voir area for blaNDM acquisition since a number of 
cases have been reported with no travel history to 
Asia [10]. In general, travel appears to be the 
major means by which NDM producing bacteria 
have spread throughout the world. Europe pro-
vided the first case in 2009 in Sweden and shortly 
after, many other countries began reporting travel 
related NDM acquisition from the Indian Sub-
continent or the Balkan states. Unlike the case 
with KPC-producing K. pneumoniae, various K. 
pneumoniae sequence types (STs) have been 
reported to harbor blaNDM [10].

A variety of other MBLs have been found to 
lead to carbapenem resistance in the 
Enterobacteriaceae. These include the VIM-type 
(with worldwide distribution, but particularly 
noteworthy in Greece), the IMP-type (with IMP-4 
particularly prominent in Australia) and the SPM-
type (almost exclusively found in Brazil).

Standard susceptibility testing may sometimes 
categorize KPC- or MBL-producing 
Enterobacteriaceae as susceptible to carbapen-
ems. This issue is particularly pertinent to another 
group of carbapenemases found in the 
Enterobacteriaceae  – OXA-48, and related 
enzymes [12]. The OXA-48 like carbapenemases 
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are widespread in North Africa, the Middle East 
and India [12, 13]. There has now been signifi-
cant spread to Europe [12].

The genes encoding the carbapenemases fre-
quently reside on mobile genetic elements (such 
as plasmids), which are capable of transferring 
resistance genes from one bacterial cell to another 
[10]. Other resistance genes which can be co-
harbored on the same genetic elements as car-
bapenemases include ESBLs, AmpC, quinolone 
resistance mechanisms, aminoglycoside modify-
ing enzymes and 16S ribosomal RNA methyl-
ases. Chromosomally encoded mechanisms may 
also occur in strains with mobile genetic ele-
ments. For example, quinolone resistance in 
Enterobacteriaceae is usually due to chromosom-
ally encoded alterations in target enzymes (DNA 
gyrase and/or topoisomerase IV) or to impaired 
access to the target enzymes, occurring either 
because of changes in porin expression or because 
of efflux mechanisms.

The end-result of the proliferation of this mul-
titude of resistance mechanisms is  truly 
multidrug-resistant Enterobacteriaceae. It is not 
surprising, therefore, that in settings where 
carbapenem-resistant Enterobacteriaceae are 
highly prevalent, polymyxin use becomes a 
necessity.

2.2	 �Acinetobacter spp.

A. baumannii and newly described species, A. 
pittii and A. nosocomialis, also possess a wide 
array of antimicrobial resistance mechanisms. 
Intrinsically, Acinetobacter species are resistant 
to first and second generation cephalosporins, 
aztreonam and ertapenem, due to a combination 
of poor permeability to these antibiotics and 
intrinsic beta-lactamase production. Antibiotics 
with activity against wild-type strains of 
Acinetobacter include sulbactam, meropenem, 
ciprofloxacin, aminoglycosides, tetracyclines, 
tigecycline and trimethoprim/sulfamethoxazole 
[14]. Acquired resistance mechanisms frequently 
originate from Pseudomonas spp., E. coli and 
other Gram-negative species, and may be local-
ized to large resistance islands [14].

Carbapenem resistance in Acinetobacter spp. 
is a common indication for polymyxin use. As is 
the case with the Enterobacteriaceae, carbape-
nem resistance is typically mediated by produc-
tion of carbapenemases.

The OXA-type beta-lactamases (especially 
OXA-23) are the most common mechanisms of 
carbapenem resistance in Acinetobacter. 
Although the KPC type carbapenemases are 
widely found in the Enterobacteriaceae, they are 
rarely found in Acinetobacter. However, the 
OXA-type carbapenemases, especially OXA-23, 
predominate. OXA-23 was first  isolated in 
Acinetobacter spp.  in the United Kingdom in 
1985 [14, 15]. This carbapenemase is typically 
found in an internationally prevalent clone 
termed international clone (IC) 2. OXA-27 and 
OXA-49 are closely related enzymes that make 
up the blaOXA-23 gene cluster in A. baumannii 
[14]. Other OXA-type genes may have carbapen-
emase activity including blaOXA-24- (OXA-24, 
-25, -26, -40) and the blaOXA-58-like [14] car-
bapenemase genes. Additionally, a chromosom-
ally encoded gene, blaOXA-51, is intrinsic to A. 
baumannii  – its contribution to carbapenem 
resistance is dependent on the presence of an 
insertion sequence, ISAba1 [16]. In the absence 
of this insertion sequence, blaOXA-51 does not lead 
to carbapenem resistance [14].

MBLs have also been well described in 
Acinetobacter spp., although they are not as fre-
quent a cause of resistance as OXA-23 [14]. 
However, the carbapenem hydrolyzing activity of 
the MBLs is typically much more potent than that 
of the OXA-type carbapenemases [14]. The 
NDM type MBLs are particularly noteworthy 
since they may have originated within the genus 
Acinetobacter [10]. As noted previously, the 
NDM enzymes are prominent in the Indian sub-
continent but have now spread widely. IMP, VIM 
and SIM MBLs have also been found in 
Acinetobacter spp. [17]. Additionally, 
Acinetobacter isolates may co-produce both 
MBL and OXA type carbapenemases [14]. Most 
commonly, MBLs produced by Acinetobacter 
are encoded within integrons, especially class 1 
integrons. These genetic structures typically 
encode a wide variety of resistance genes, and 
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contribute to the multidrug resistance typical of 
Acinetobacter [14].

Carbapenemase-producing Acinetobacter iso-
lates are usually resistant to all beta-lactam anti-
biotics. Aminoglycoside resistance is also 
common, via the production of aminoglycoside 
modifying enzymes or 16S rRNA methylases. 
Ciprofloxacin resistance is typically mediated by 
changes in the chromosomally encoded quino-
lone resistance determining regions (QRDRs). 
Upregulated efflux pumps may also contribute to 
aminoglycoside, quinolone, tigecycline and beta-
lactam resistance. Finally, the sul gene may lead 
to sulfamethoxazole resistance. The end-result of 
this multiplicity of resistance genes may be 
Acinetobacter strains resistant to all antibiotics. 
Hence, polymyxins play a major role in the arma-
mentarium against the carbapenem-resistant 
Acinetobacter isolates commonly observed in 
clinical practice. Unfortunately, an A. baumannii 
strain has now been described which is resistant 
to polymyxins and all commercially available 
antibiotics [18].

2.3	 �Pseudomonas aeruginosa

P. aeruginosa is an organism with enhanced viru-
lence characteristics and is the sixth most com-
monly isolated organism responsible for 
hospital-acquired infections [1]. Unlike the case 
with Enterobacteriaceae or Acinetobacter spp., 
the most common mechanism of carbapenem 
resistance in P. aeruginosa appears to be muta-
tional loss of the OprD porin [19]. The primary 
function of OprD is importation of arginine, but it 
is also the major entry point for carbapenems 
[19]. Mutations in oprD can result in loss of porin 
function. Thus, uptake of carbapenems by P. 
aeruginosa is substantially reduced and typically 
confers resistance to this antibiotic class. Efflux 
mechanisms such as MexAB-OprM, MexXY-
OprM, and the regulator MexZ may play a con-
tributory role in carbapenem resistance, as may 
carbapenemase production. MBLs (such as VIM 
or NDM) and KPC-type beta-lactamases may be 

produced by P. aeruginosa, while OXA-type 
beta-lactamases are rarely seen [10, 19].

Quinolone resistance in P. aeruginosa is typi-
cally found to be due to mutations in the chromo-
somally encoded QRDRs [19]. First-step 
mutations occurring in the gyrA QRDR appear to 
be the most significant in causing quinolone 
resistance, while subsequent mutations are 
believed to further decrease susceptibility levels. 
Aminoglycoside resistance in P. aeruginosa is 
associated with efflux by the MexXY-OprM 
transporter, aminoglycoside modifying enzymes 
or 16S rRNA methyltransferases. Typically, 
mechanisms of quinolone and aminoglycoside 
resistance occur in isolates with OprD loss and/or 
production of carbapenemases leading to multi-
drug or extensively drug resistant (XDR) strains. 
Given that tigecycline is ineffective against P. 
aeruginosa by way of intrinsic efflux mecha-
nisms, the polymyxins  are one of the very few 
treatment options available for multidrug resis-
tant strains.

2.4	 �Conclusions

A wide variety of issues have contributed to the 
problem of multidrug resistance in Gram-
negative bacilli. Pharmaceutical company disin-
vestment in antibiotic discovery has led to fewer 
new options for clinical use. At the same time, 
proliferation of genetic elements encoding resis-
tance has continued unabated. Exacerbators of 
this problem have included heavy agricultural 
use of antibiotics, over the counter availability of 
antibiotics and environmental contamination by 
antibiotics themselves as well as antibiotic resis-
tant organisms in water, food and hospital envi-
ronments. In particular, the recent discovery of 
plasmid-mediated polymyxin resistance via mul-
tiple mcr genes indicate that polymyxin resis-
tance exists in food animals and patients [20–22]. 
The polymyxins are not perfect treatment options 
by any means. However, they have become the 
only option for many patients in this current era 
of resistance.
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Abstract
Polymyxins are naturally occurring cyclic 
lipopeptides that were discovered more than 
60 years ago. They have a narrow antibacterial 
spectrum, which is mainly against Gram-
negative pathogens. The dry antibiotic pipe-
line, together with the increasing incidence of 
bacterial resistance in the clinic, has been 
dubbed ‘the perfect storm’. This has forced a 
re-evaluation of ‘old’ antibiotics, in particular 
the polymyxins, which retain activity against 
many multidrug-resistant (MDR) Gram-
negative organisms. As a consequence, poly-
myxin B and colistin (polymyxin E) are now 
used as the last therapeutic option for infec-
tions caused by ‘superbugs’ such as 
Pseudomonas aeruginosa, Acinetobacter bau-

mannii, and Klebsiella pneumoniae. This 
chapter covers the history, chemistry and anti-
bacterial spectrum of these very important 
last-line lipopeptide antibiotics.

Keywords
Discovery of polymyxins · Aerosporin · 
Chemical structure · Methanesulphonate · 
Antibacterial spectrum

3.1	 �History

3.1.1	 �Discovery

The polymyxins are a family of chemically dis-
tinct antibiotics produced by the widely distrib-
uted Gram-positive spore-forming soil bacterium 
Paenibacillus polymyxa (previously known as 
Bacillus polymyxa) (Table 3.1). They were first 
identified in the 1940s simultaneously by three 
different research groups working independently 
in the field of antibiotic discovery [1–3]. Initially, 
Benedict and Langlykke at the Northern Regional 
Research Laboratories in the United States pub-
lished a paper in July of 1947 describing the ant-
bacterial properties of crude liquid cultures of 
Paenibacillus polymyxa [1]. Later that month 
Stansley, Shepherd and White at the Stamford 
Research Laboratories of the American Cyanamid 
Company in the United States published a paper 
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Table 3.1  The chemical structures of the naturally occurring polymyxins

Polymyxin Fatty-acyl group Pos 3 Pos 6 Pos 7 Pos 10
A1 (S)-6-methyloctanoyl D-Dab D-Leu L-Thr L-Thr
A2 6-methylheptanoyl D-Dab D-Leu L-Thr L-Thr
B1 (S)-6-methyloctanoyl L-Dab D-Phe L-Leu L-Thr
B2 6-methylheptanoyl L-Dab D-Phe L-Leu L-Thr
B3 octanoyl L-Dab D-Phe L-Leu L-Thr
B4 heptanoyl L-Dab D-Phe L-Leu L-Thr
B5 nonanoyl L-Dab D-Phe L-Leu L-Thr
B6 3-hydroxy-6-methyloctanoyla L-Dab D-Phe L-Leu L-Thr
B1-Ile
(Circulin A)

(S)-6-methyloctanoyl L-Dab D-Phe L-Ile L-Thr

B2-Ile
(Circulin A)

6-methylheptanoyl L-Dab D-Phe L-Ile L-Thr

Dab3-B1 (S)-6-methyloctanoyl D-Dab D-Phe L-Leu L-Thr
Dab3-B2 6-methylheptanoyl D-Dab D-Phe L-Leu L-Thr
C1

† 6-methyloctanoylb L/D-Dab D-Phe L-Thr L-Thr
C2

† 6-methylheptanoyl L/D-Dab D-Phe L-Thr L-Thr
D1 (S)-6-methyloctanoyl D-Ser D-Leu L-Thr L-Thr
D2 6-methylheptanoyl D-Ser D-Leu L-Thr L-Thr
E1

(Colistin A)
(S)-6-methyloctanoyl L-Dab D-Leu L-Leu L-Thr

E2

(Colistin B)
6-methylheptanoyl L-Dab D-Leu L-Leu L-Thr

E3 octanoyl L-Dab D-Leu L-Leu L-Thr
E4 heptanoyl L-Dab D-Leu L-Leu L-Thr
E7 7-methyloctanoyl L-Dab D-Leu L-Leu L-Thr
E1-Ile (S)-6-methyloctanoyl L-Dab D-Leu L-Ile L-Thr
E1-Val (S)-6-methyloctanoyl L-Dab D-Leu L-Val L-Thr
E1-Nva (S)-6-methyloctanoyl L-Dab D-Leu L-Nva L-Thr
E2-Ile 6-methylheptanoyl L-Dab D-Leu L-Ile L-Thr
E2-Val 6-methylheptanoyl L-Dab D-Leu L-Val L-Thr
E8-Ile 7-methylnonanoyl L-Dab D-Leu L-Ile L-Thr
F† 6-methyloctanoylb L/D-Dab D-Leu/D-Ile L-Leu/L-Ile/L-Ser L-Leu/L-Ile/L-Ser
F† 6-methylheptanoyl L/D-Dab D-Leu/D-Ile L-Leu/L-Ile/L-Ser L-Leu/L-Ile/L-Ser
F† octanoyl L/D-Dab D-Leu/D-Ile L-Leu/L-Ile/L-Ser L-Leu/L-Ile/L-Ser
M1

(Mattacin)
(S)-6-methyloctanoyl D-Dab D-Leu L-Thr L-Thr

M2

(Mattacin)
6-methylheptanoyl D-Dab D-Leu L-Thr L-Thr

P1 (S)-6-methyloctanoyl D-Dab D-Phe L-Thr L-Thr
P2 6-methylheptanoyl D-Dab D-Phe L-Thr L-Thr
S1 6-methyloctanoylb D-Ser D-Phe L-Thr L-Thr
T1 6-methyloctanoylb L-Dab D-Phe L-Leu L-Leu
T2 6-methylheptanoyl L-Dab D-Phe L-Leu L-Leu

L-Dab = L-2,4-diaminobutyric acid, D-Dab = D-2,4-diaminobutyric acid, D-Phe = D-phenylalanine, L-Leu = L-Leucine, 
L-Ile = L-Isoleucine, L-Val = L-Valine, L-Nva = L-Norvaline, L-Ser = L-Serine, D-Ser = D-Serine, L-Thr = L-Threonine
astereochemistry at C3 and C6 not confirmed, † position of amino acid residues is speculative
bstereochemistry at C6 not confirmed
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describing the isolation and partial purification of 
an antibiotic substance from Paenibacillus poly-
myxa which they designated ‘Polymyxin’ [2].
This organism produced on agar a wide zone of 
inhibition of the Gram-negative pathogen 
Salmonella schottmuelleri. The ‘polymyxin’ 
entity was unique in its remarkable specificity for 
Gram-negative bacteria, which distinguished it 
from all antibiotics previously reported. In 
August of 1947 Brownlee and co-workers at the 
Wellcome Physiological Research laboratory in 
England published their work on the identifica-
tion of an antibiotic substance from an organism 
identified as Bacillus aerosporus, isolated from 
the soil of a market garden in Surry in 1946 [3]. 
They initially called this antibiotic ‘Aerosporin’ 
and like the antibiotic ‘Polymyxin’, Aerosporin 
had selective antimicrobial activity against 
Gram-negative bacteria. Brownlee and Bushby 
went on to further identify the chemotherapeutic 
and pharmacological properties of ‘Aerosporin’ 
showing that the substance they had isolated was 
a basic peptide [4]. Subsequently, researchers at 
both the Stamford and Wellcome labs determined 
that the three groups were working with different 
strains of P. polymyxa and that the antibiotic 
called ‘Polymyxin’ was also a basic peptide that 
was chemically distinct from ‘Aerosporin’ yet 
had a very similar antimicrobial spectrum and 
biological activity. It was concluded that the two 
antibiotics belonged to the same family of antibi-
otic compounds [5–15]. By international agree-
ment the generic name of ‘polymyxin’ was 
adopted for all the antibiotics derived from P. 
polymyxa and a nomenclature was developed that 
described the chemically distinct groups of anti-
biotics, which comprise the polymyxin family 
[16, 17]. With this new nomenclature ‘Aerosporin’ 
became known as polymyxin A, while 
‘Polymyxin’ became known as polymyxin 
D. Three other chemically distinct antibiotics iso-
lated from P. polymyxa strains by researchers at 
the Wellcome labs during this period became 
known as polymyxin B, C and E [11]. Colistin 
(polymyxin E) was first described in 1950 and 
obtained from Bacillus (Aerobacillus) colistinus, 

a new species isolated from a soil sample in Japan 
[18]. Colistin was originally thought to be dis-
tinct from polymyxins, although the striking 
pharmacological and chemical similarities of 
colistin to the entire polymyxin group of antibiot-
ics were recognized from the outset [19–21]. It 
was eventually determined that colistin was 
structurally identical to polymyxin E and that 
they were in fact the same compound [22–24]; 
colistin, however, was the name ultimately 
adopted in the literature. During this period the 
exact chemical structures of the polymyxins 
remained speculative [12–14, 25]. It was known 
that that they were peptides and possibly cyclic in 
nature. Individual amino acid residues had been 
identified and it was also established that they 
contained a fatty acyl group that had been identi-
fied as the S-6-methyloctanoyl acyl group. In 
1954, Hausmann and Craig made the discovery 
that polymyxin B was in fact composed of two 
individual peptide components that differed only 
in the structures of the fatty-acyl groups they con-
tained [26]. These two peptide components were 
labelled polymyxin B1 and B2 (Table 3.1). It was 
soon established that the presence of multiple 
peptide components with variations in their struc-
tures, primarily their fatty-acyl component, was a 
feature common to all of the polymyxin groups. 
In 1963, Suzuki and co-workers at the Osaka 
Univeristy in Japan finally determined the abso-
lute chemical structures for polymyxin B1, poly-
myxin B2 and colistin A (polymyxin E1) followed 
by colistin B (polymyxin E2) in 1964 (Table 3.1) 
[27]. They went on to also confirm the structures 
of polymyxin D1 and D2 (Table 3.1) [28]. These 
polymyxins were all identified as being cyclic 
lipopeptides. Since the initial discovery of the 
polymyxin A, B, C, D and E groups of 
lipopeptides, five other groups of polymyxins 
containing multiple unique lipopeptide compo-
nents have been identified from P. polymyxa 
strains which include the polymyxin F [29], M 
[30, 31], P [32, 33], S [34, 35] and T [34, 36] 
groups (Table 3.1). The structures and chemistry 
of the polymyxins are discussed in more detail in 
the next section of this chapter.

3  History, Chemistry and Antibacterial Spectrum
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3.1.2	 �Adoption into Clinical Practice

Although the polymyxin compounds were recog-
nized to exhibit similar antimicrobial activity, 
there were striking differences in their potential 
for eukaryotic cell toxicity [5, 6, 37–39]. For 
example, Brownlee et  al. [37] demonstrated 
severe though reversible renal toxicity in rats 
with polymyxin A, C and D, and likewise with 
polymyxin A in rabbits and dogs (polymyxins C 
and D not tested); polymyxin B and especially 
colistin (polymyxin E), which were tested in all 
species, produced significantly less nephrotoxic-
ity in all cases. Interestingly, in contrast to what 
is now known about the nephrotoxicity of both 
polymyxin B and colistin, the authors in that 
study commented that this “lends support to the 
view that it [i.e. colistin] has little nephrotoxic 
activity”. Early reports such as this indicating 
substantially reduced renal toxicity from colistin 
and polymyxin B are likely the reason that of the 
five polymyxin antibiotic groups initially discov-
ered, only these two were further developed and 
adopted into clinical practice. Nevertheless, 
while the prevailing view at the time was that 
colistin and polymyxin B were generally safe 
compounds the potential for toxicity, especially 
renal toxicity, was well recognized [39, 40]. 
Subsequently, research was undertaken to exam-
ine ways to reduce further their toxicity.

3.1.3	 �Sulphomethyl Derivatives

The reaction of a primary amine with an alde-
hyde and sodium sulphite to convert a basic sub-
stance to labile alkane sulphonic acids was 
introduced into drug synthesis in the early 1900s 
in a successful attempt to reduce the toxicity of 
phenetidine without loss of antipyretic activity 
[41]. The reaction is equally applicable to basic 
polypeptides such as the polymyxins (the chem-
istry of which is discussed later in this chapter), 
and the treatment of polymyxins with formalde-
hyde and sodium bisulphite was first reported by 
Stansly et al. [2]. These investigators showed that 
a sulphomethyl derivative of ‘Polymyxin’ (later 
shown to be polymyxin D) produced less acute 

toxicity than the parent antibiotic. Subsequent 
studies demonstrated similar results with the sul-
phomethylated derivatives of both colistin and 
polymyxin B [21, 39]. Interestingly, Stansly et al. 
[2] also reported substantially less painful irrita-
tion at subcutaneous or intramuscular injection 
sites with the sulphomethylated derivative than 
with the unsubstituted lipopeptide, a common 
problem with the polymyxins initially considered 
by some to be more significant than the potential 
renal toxicities. This is exemplified by Barnett 
et al. [40] who in 1964 commented that “In the 
literature much value has been attached to the 
reduction in acute intravenous toxicity achieved 
by the sulphomethylation of the polymyxins, but 
with these antibiotics this toxicity is of no thera-
peutic importance because even in the unsubsti-
tuted form they have a satisfactory therapeutic 
index. The use of the polymyxins has, however, 
been much affected by the pain that develops at 
the site of intramuscular injection and by an 
undeserved reputation for nephrotoxicity. The 
painful reactions are undoubtedly avoided by 
using the sulphomethylated derivatives.” Indeed, 
sulphomethylation was applied by Koyama [42] 
in 1957 specifically to overcome this problem 
with colistin. As will be discussed below colistin 
is still administered in the clinic intravenously as 
its sulphomethylated derivative.

3.1.4	 �Commercial Preparations

The polymyxins colistin and polymyxin B 
became available clinically in the late 1950s and 
early 1960s [43, 44]. Presently, ‘colistin’ is com-
mercially available in two different forms, 
namely colistin sulphate [1264-72-8, CAS 
registry number], hereafter referred to as colistin, 
and its sulphomethylated derivative, sodium 
colistin methanesulphonate [8068-28-8] (CMS, 
also known as colistimethate sodium, sodium 
colistimethate, penta-sodium colistimethanesul-
phate and sulphomethyl colistin); polymyxin B is 
only available as polymyxin B sulphate [1405-
20-5] [45]. Colistin, which is poorly absorbed 
from the gastrointestinal tract and through skin 
[21, 37, 46], has been formulated as an oral prep-
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aration (indicated for bowel decontamination) 
and topical preparations (indicated for bacterial 
skin, eye and ear infections), but is not used par-
enterally due to its high potential to elicit toxicity 
upon intravenous administration (median lethal 
dose (LD50) = 5.46 mg/kg in mice) [21]. CMS is 
poorly absorbed from the adult gastrointestinal 
tract [47] and its sodium salt, in lyophilized form, 
is the form of ‘colistin’ that is administered par-
enterally, most commonly intravenously [48, 49]. 
However, it may also be administered intramus-
cularly, intrathecally, intraventricularly, and via 
inhalation, the latter a common route of adminis-
tration for patients with cystic fibrosis. Although 
CMS can be administered intramuscularly at the 
same doses as intravenously, intramuscular 
administration is not commonly used in clinical 
practice because of variable absorption and 
severe pain at the injection site [50].

It is important not to use the terms colistin and 
CMS interchangeably, as the chemistry, antibac-
terial activity, toxicity and pharmacokinetics of 
these two entities differ substantially. 
Unfortunately, despite the urging of Goodwin 
[51] who as early as 1969 pointed out the poten-
tial confusion that may arise when the general 
term ‘colistin’ is used in reference to either colis-
tin sulphate or CMS (as was common practice at 
the time; for examples, see Kunin [52], and 
Schwartz et  al. [21]), authors to this day still 
occasionally report and discuss ‘colistin’ in 
generic terms which makes determination of 
even the preparation used (colistin sulphate or 
CMS) difficult. For the purposes of this and all 
remaining discussions, colistin sulphate will 
hereafter be referred to as colistin.

3.1.5	 �Clinical Use

In terms of their clinical use, the only difference 
between polymyxin B and the two commercially 
available forms of ‘colistin’ (colistin sulphate 
and CMS) is that polymyxin B is not indicated 
for oral use. Otherwise, polymyxin B sulphate 
can be administered via intravenous, intramuscu-
lar, inhalational, intrathecal or topical routes [45]. 
With the introduction of polymyxins to clinical 

practice, colistin was marketed as offering greater 
or equal antibacterial potency as compared with 
polymyxin B and, as the methanesulphonate (i.e. 
CMS), was said to lack serious toxic effect in 
patients [19, 21, 39, 53–57]. It was demonstrated 
that larger doses of CMS were required for effec-
tiveness and thus the rate of nephrotoxicity 
approximated that of polymyxin B [39]; this, 
together with the noted reduction of pain at injec-
tion sites with the sulphomethylated derivatives, 
may explain why the use of CMS was adopted far 
more widely than polymyxin B. Interestingly, in 
1961 the sodium salt of a sulphomethyl deriva-
tive of polymyxin B was administered in large 
doses intramuscularly and intraventricularly in 
five children with secondary meningitis due to 
Pseudomonas pyocyanea (now Pseudomonas 
aeruginosa) [43]. This was done in an attempt to 
reduce the meningeal irritant and nephrotoxic 
properties of polymyxin B. With all five patients 
cured and no toxicity observed, the authors rec-
ommended this derivative of polymyxin B for 
future use in the treatment of such infections. 
However, for reasons, which may never be 
known, the sulphomethylated derivative of poly-
myxin B was never adopted into regular clinical 
practice. At present there is greater worldwide 
use of colistin compared to polymyxin B. Notably, 
a survey across 56 different countries revealed 
formulations of polymyxins used were CMS 
(48.6%), colistin (sulfate) (14.1%), both (1.4%), 
polymyxin B (1.4%), and unknown [58]; respon-
dents from 11 countries had no access to poly-
myxins. Intravenous formulations were used by 
84.2% of respondents, aerosolised or nebulised 
colistin by 44.4%, and oral colistin for selective 
gut decontamination by 12.7% [58].

Despite the early belief that colistin and poly-
myxin B were relatively safe drugs, and the use 
of less toxic CMS as the parenteral form of 
‘colistin’, clinical reports began to emerge which 
suggested a high incidence of nephrotoxicity and 
neurotoxicity following intravenous administra-
tion in a considerably large number of patients 
[59–67]. As a consequence, use of polymyxins 
declined in the 1970s with the arrival of poten-
tially less toxic antimicrobials such as the amino-
glycosides, which possessed the same or broader 

3  History, Chemistry and Antibacterial Spectrum
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antibacterial spectra. However, a resurgence in 
their use began in the late 1980s when colistin 
(the most commonly used polymyxin) was rein-
troduced to manage infection or colonisation by 
P. aeruginosa in patients with cystic fibrosis [68]. 
More recently, with the emergence of multidrug-
resistant (MDR) Gram-negative ‘superbugs’ 
resistant to almost all other available antibiotics 
[69–72], and a lack of novel antimicrobial agents 
in the drug development pipeline for Gram-
negative infections [70–76], the place of poly-
myxins in therapy is presently being re-evaluated. 
With no new antibiotics to treat these infections 
to become available in the foreseeable future [71, 
74], ‘old’ polymyxins are often the only available 
therapeutic options. As a consequence the use of 
polymyxins, especially CMS, has increased dra-
matically over the last decade [48, 49, 68, 77–
83]. The growing importance of polymyxins as a 
treatment option for MDR Gram-negative infec-
tions is exemplified by the growing problem of 
New Delhi metallo-β-lactamase (NDM)-
producing Enterobacteriaceae. Since the first 
identification on the Indian subcontinent in 
December 2009 of NDM-1-producing Klebsiella 
pneumoniae [84], NDM-producing 
Enterobacteriaceae (mainly K. pneumoniae and 
E. coli) have spread rapidly to more than 20 coun-
tries in all continents [85–87]. Many of these 
NDM-producing MDR isolates are only suscep-
tible to polymyxins.

3.2	 �Chemistry

From a chemical perspective, the polymyxins are 
non-ribosomal cyclic lipopeptides and  the gen-
eral structure is illustrated in Table 3.1. They are 
decapeptides containing an intramolecular cyclic 
heptapeptide amide-linked loop between the 
amino group of the side chain of the diaminobu-
tyric acid (Dab) residue at position 4 and the car-
boxyl group of the C-terminal threonine residue. 
They also have several other distinguishing struc-
tural features, which include four or five non-
proteogenic Dab residues, which are charged at 
physiological pH. Four of these Dab residues are 
always found at positions 1, 5, 8 and 9  in the 

polymyxin scaffold and are always of the 
L-configuration. Position 2 of the polymyxin 
scaffold always contains a conserved hydrophilic 
L-threonine residue. Position 3 sees variation and 
can contain either a D or L-Dab residue or a 
D-serine residue. Position 6 always contains a 
conserved hydrophobic residue that is of the 
D-configuration and varies between phenyala-
nine, leucine. Position 7 sees the greatest varia-
tion and can either contain one of several 
hydrophobic residues including leucine, isoleu-
cine, valine, norvaline or the hydrophilic residue 
threonine. The stereochemistry at position 7 is 
always of the L-configuration. Position 10  in 
most cases has an L-threonine residue but in at 
least one case contains an L-leucine residue. In 
regards to the N-terminal fatty-acyl group, six 
chemically distinct fatty acyl groups that vary in 
length from 7 to 9 carbons have been identified to 
date. These include (S)-6-methyloctanoyl, 
6-methylheptanoyl, octanoyl, heptanoyl, non-
anoyl and 3-hydroxy-6-methyloctanoyl. Like 
many other antimicrobial peptides, this mixture 
of lipophilic and hydrophilic groups makes them 
amphipathic, a chemico-physical property which 
is essential for their activity [88]. This also allows 
them to be readily water soluble (e.g. logP values 
for colistin A and colistin B are −3.15 and −3.68, 
respectively) [89]. The relationship between 
these structural features and the activity of the 
polymxyins is discussed in detail in Chap. 20: 
Discovery of Novel Polymyxin-Like Antibiotics.

Examination of the literature to date reveals 
that 37 unique polymyxin lipopeptides have been 
isolated and structurally identified from the P. 
polymyxa species [27–33, 35, 36, 90–96]. The 
chemical structures of these individual lipopep-
tides are illustrated in Table 3.1. These have been 
classified into 10 different groups (A, B, C, D, E, 
F, M, P, S and T) with each group being structur-
ally defined and loosely classified by the pres-
ence of unique amino acid residue(s) or amino 
acid stereochemistry in their amino acid sequence 
at positions 3, 6, 7 and 10 (Table 3.1). These dis-
tinct groups of polymyxins have each been 
labelled with a letter. Each group can contain sev-
eral individual lipopeptide components which 
differ from one another in the chemical structure 
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of the fatty-acyl group they present at their 
N-terminus and in some cases the residue pre-
sented at position 7. The individual lipopeptide 
components of each ‘polymyxin’ group are 
labelled with a number. This nomenclature is 
demonstrated in Table 3.1. It is important to note 
here that the use of this classification system to 
label newly discovered polymyxins has not 
always been consistent as evident with the label-
ling of the individual components of the poly-
myxin E group (Table  3.1). In the case of the 
polymyxin C and F lipopeptides, the amino acid 
residue and fatty acyl composition of the lipopep-
tides in these two groups have been identified; 
however, the stereochemistry and exact positions 
of the amino acids are yet to be unambiguously 
determined. Therefore, in Table 3.1 the position 
of the amino acid residues for the individual lipo-
peptides in these two groups is speculative and 
based on the structural trends observed in the 
other polymyxin groups. To date no examples 
have been reported in the literature of individual 
polymyxin producing P. polymyxa strains pro-
ducing ‘cross mixtures’ containing lipopeptides 
from the different polymyxin groups. Furthermore 
the polymyxins are always produced as mixtures 
of the individual lipopeptide components of that 
group and never as a single lipopeptide compo-
nent [90, 92–95, 97]. The relative abundance of 
the individual components produced does vary 
from strain to strain and in the commercial manu-
facture of polymyxins from the same strain, 
batch-to-batch variation can be observed [92, 93, 
98, 99]. Of the different ‘polymyxin’ groups 
identified to date, only the lipopeptide compo-
nents of the polymyxin B and E (Colistin) groups 
have undergone extensive structural analysis 
[92–95]. This is a reflection of the fact that only 
‘mixtures’ of individual polymyxin B lipopep-
tides as well as ‘mixtures’ of individual poly-
myxin E lipopeptides are used therapeutically in 
the clinic. The European (Ph. Eur.) and British 
Pharmacopeias (BP) have established limits on 
the minimum amount of certain components 
required in colistin and polymyxin B products 
[100, 101]. For colistin products, colistin A and B 
together with three minor components must con-
stitute ≥ 77% of the total content; for polymyxin 

B products, no less than 80% of total content is to 
consist of polymyxin B1, B2, and two minor 
components. Notably, similar composition limits 
for colistin or polymyxin B are absent from the 
United States Pharmacopoeia (USP) [102]. The 
remaining discussion will focus only on the 
chemical structures of the lipopeptide compo-
nents of these two groups of polymyxins.

3.2.1	 �Chemistry of the Polymyxin B 
Lipopeptides

Structurally, the lipopeptides of the polymyxin B 
group are generally defined by the presence of a 
D-phenylalanine residue at position 6, an 
L-leucine residue at position 7 and an L-Dab resi-
due at position 3. To date, seven individual poly-
myxin B lipopeptide components have been 
identified (Table 3.1) [92, 95, 96]. Of these seven 
lipopeptides, six contain structurally different 
branched and non-branched N-terminal fatty-acyl 
groups varying in length from 7 to 9 carbons, 
which have been labelled polymyxin B1 to B6. 
The 6-methyloctanoyl fatty-acyl group of poly-
myxin B1 and B1-Ile has a stereo-centre at C6, 
which has been identified as being the (S)-
configuration. Polymyxin B6 is unique in that its 
fatty-acyl group contains a hydroxyl group at C3, 
which is not present in the fatty acyl chains of the 
other polymyxin B lipopeptides. This unique 
fatty acyl group also has two stereo-centres at C3 
and C6, however the absolute stereochemistry of 
these two stereo-centres is yet to be reported. 
Interestingly, polymyxin B1-Ile, the seventh poly-
myxin B lipopeptide is almost identical to poly-
myxin B1 except that it contains an isoleucine 
residue at position 7, but is still considered part of 
the polymyxin B group. Although isoleucine is 
only a structural isomer of leucine it is still a 
structurally distinct residue. In terms of relative 
abundance of individual components found in 
polymyxin B mixtures, polymyxin B1 and B2 are 
always the major lipopeptide components. 
Notably, the proportion of the different lipopep-
tide components in polymyxin B can vary 
between different brands and even between dif-
ferent batches from the same manufacturer [99]. 
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In commercial preparations of polymyxin B, the 
lipopeptide components are always provided as 
their corresponding sulfate salts.

3.2.2	 �Chemistry of the Polymyxin E 
(Colistin) Lipopeptides

The polymyxin E (colistin) group of lipopeptides 
is generally defined by the presence of a D-leucine 
residue at position 6, an L-leucine residue at 
position 7 and an L-Dab residue at position 3 
(Table 3.1). To date, 11 individual polymyxin E 
lipopeptide components have been identified 
(Table 3.1) [93, 94]. Like the polymyxin B lipo-
peptides the individual lipopeptide components 
of the polymyxin E group (polymyxin E1, E2, E3, 
E4, E7 and E8) contain structurally distinct 
branched and non-branched N-terminal fatty-acyl 
groups, varying in length from 7 to 9 carbons. 
The 6-methyloctanoyl fatty-acyl group of poly-
myxin E1, E1-Val, E1-Ile and E1-Nva contains a 
stereo-centre at C6, which has been identified as 
being the (S)-configuration. The inconsistent 
nature of the nomenclature used for labelling the 
polymyxins can be observed here with several 
polymyxin E lipopeptides (Polymyxin E1-Val, 
E1-Ile, E1-Nva, E2-Val, E2-Ile, E8-Ile) having 
structurally different amino acid residues (valine, 
norvaline and isoleucine) at position 7 (Table 3.1). 
Furthermore, no polymyxin E5, E6 or E8 has been 
reported in the literature. In terms of relative 
abundance of individual components found in 
polymyxin E mixtures, polymyxin E1 (colistin A) 
and E2 (colistin B) are always the major lipopep-
tide components. Similar to commercial prepara-
tions of polymyxin B, the lipopeptide components 
of commercial preparations of polymyxin E are 
always provided as their corresponding sulfate 
salts.

As mentioned previously, polymyxin E (colis-
tin) is administered intravenously as colistin 
methanesulphonate (CMS); CMS is an inactive 
prodrug of colistin [103]. CMS is chemically 
formed via the reaction of the amino groups of the 
Dab residues of polymyxin E with formaldehyde 
and sodium bisulphite to form sulphomethylated 
derivatives of each of the Dab groups (Fig. 3.1) 

[40, 57]. This derivatization of the amino groups 
of the Dab residues neutralizes the positive charge 
at physiological pH and imparts a negative charge 
through the sulphonate group, which is fully 
deprotonated at physiological pH. In vivo the sul-
phomethyl groups are not stable and readily 
undergo hydrolysis resulting in conversion back 
to the free amino groups to give the active form of 
colistin [103–114]. In the preparation of commer-
cial CMS products, this conversion of the Dab 
residues to their corresponding sulphomethyled 
derivatives is not a complete process and as a 
result some of the Dab residues remain unreacted. 
This potentially means that even for a single poly-
myxin E (colistin) lipopeptide component (e.g. 
polymyxin E1 [colistin A]), there can be a large 
number of  unique chemical entities in CMS, 
depending on the location and number (i.e. which 
Dab residue) of methanesulphonate groups 
attached. As a result commercial batches of CMS 
are provided as complex mixtures of fully and 
partially sulphomethylated derivatives [113]. 
Currently, no limits on the minimum or maximum 
amount of each potential sulphomethylated deriv-
ative within a CMS product have been established 
by the Ph. Eur, BP and USP [100–102].

3.2.3	 �Future Perspective

As we look towards the future the renewed inter-
est in the use of polymyxins as a therapeutic 
option for treating MDR Gram-negative infec-
tions, alongside the constant improvement in the 
analytical techniques available for the identifica-
tion and structural elucidation of natural prod-
ucts, is likely to result in the discovery of new 
polymyxin groups and new lipopeptide compo-
nents within existing polymyxin groups. As such 
a more consistent use of the nomenclature for the 
structural classification of polymyxins is 
required. Therefore, the implementation of a new 
internationally recognised nomenclature system 
for structurally classifying the polymyxins is 
required. On a final note, an important question 
that still remains to be answered: what is the 
physiological/biological significance of all of 
these individual polymyxin lipopeptides?
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3.3	 �Antibacterial Spectrum

Given the structural similarities between colistin 
and polymyxin B as outlined above, many aspects 
of their antimicrobial spectrum of activity, clini-
cal uses, toxicity and mechanism of action and 
resistance are shared by both [38, 45]. Both have 
essentially identical in vitro potencies (as mea-
sured by minimum inhibitory concentration 
[MIC]) and spectrum of activity against the com-
monly encountered Gram-negative organisms 
responsible for MDR nosocomial infections, and 
display a near-complete degree of cross-
resistance [38, 49, 115, 116]. They exhibit a nar-
row antibacterial spectrum, mostly against 
common Gram-negative pathogens. They retain 
excellent bactericidal activity against most com-
mon species of Gram-negative bacilli or cocco-
bacilli including P. aeruginosa [115, 117–128], 
Acinetobacter spp. [115, 117, 119, 120, 124, 125, 
127, 129–131] and Enterobacteriaceae such as 
Klebsiella spp. or E. coli [115, 117, 119, 120, 
124, 127, 132–134], the organisms against which 
they are most commonly used clinically. 
However, resistance in these and other species is 
increasing in some regions [119, 128, 135–147]. 
Interestingly, colistin-resistant isolates of several 
key species have been shown to be more suscep-
tible to other antibiotics than their colistin-
susceptible parent strain [128, 148, 149]. 
Worryingly, colistin heteroresistance (the pres-
ence of resistant subpopulations within an isolate 
that is susceptible based upon its MIC) has been 
reported in P. aeruginosa [150–152], A. bauman-

nii [152–157], K. pneumoniae [144, 152, 158] 
and Enterobacter cloacae [156].

Either colistin, polymyxin B or both have also 
been shown to be active against Enterobacter 
spp. [117, 119, 159], E. coli [21, 117, 119, 124, 
134, 159], Salmonella spp. [21, 117, 159], 
Shigella spp. [21, 117, 159], Citrobacter spp. 
[117, 159], Haemophilus spp. [160], Bordetella 
pertussis [40], Legionella spp. [161] and most 
Aeromonas species except Ae. jandaei (Ae. 
hydrophila has inducible resistance) [159, 162]. 
Polymyxins have also been reported to be 
potentially active against several mycobacterial 
species including Mycobacterium xenopi, M. 
intracellulare, M. tuberculosis, M. fortuitum, and 
the rapidly growing, non-pathogenic species M. 
phlei and M. smegmatis [163]. Activity against 
Campylobacter species [164, 165] and 
Stenotrophomonas maltophilia [120, 121, 166, 
167] is variable, while activity against Bartonella 
species is borderline [168, 169]. Polymyxins are 
generally inactive against Vibrio spp. [159, 170], 
Providentia spp. [117, 171], Serratia spp. [21, 
117, 124, 171, 172], Proteus spp. [21, 124, 171], 
Morganella morganii [173], Helicobacter pylori 
[159, 174, 175], Neisseria spp. (meningococci 
and gonococci) [21, 159, 176], Brucella spp. [21, 
159], Edwardsiella tarda [177], Burkholderia 
cepacia complex [120, 178], P. pseudomallei 
[179] and Moraxella catarrhalis [159, 176]. 
Polymyxins have no significant activity against 
most Gram-positive bacteria, anaerobes, para-
sites or fungi [21, 38, 180–182]. The lack of 
activity against Gram-positive bacteria is likely 

Fig. 3.1  Chemical structure of colistin methanesulphonate (CMS)
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due to the binding selectivity of polymyxins to 
lipopolysaccharide, the principal component of 
the outer leaflet of the outer membrane of Gram-
negative organisms but absent in Gram-positive 
organisms [88].

Table 3.2 contains significant large-scale sur-
veillance studies of antimicrobial susceptibility, 
which have included polymyxins conducted 
since 2001. As can be seen from these studies 
polymyxins generally remain highly active 
against their target Gram-negative pathogens, 
primarily P. aeruginosa, A. baumannii and K. 
pneumoniae. However, while the large SENTRY 
Antimicrobial Surveillance Program conducted 
between 2006 and 2009 and which contained 
40,625 isolates of Gram-negative bacilli showed 
polymyxin-resistance generally remained stable 
across the collection period, a greater trend 
towards resistance in Klebsiella spp. from the 
Asia-Pacific and Latin American regions was 
noted [127]. Also noteworthy is that in the 
SENTRY collection, 12% of the imipenem-
resistant isolates of K. pneumoniae were also 
resistant to colistin [133].

That sulphomethyl derivatives of polymyxins 
(including CMS) possessed substantially reduced 
antibacterial activity in vitro (as determined by 
MIC measurement) [21, 40, 56] and in vivo [21, 
40] was well known from the earliest times of 
development. While some had speculated that the 
activity of sulphomethylated forms of both colis-
tin and polymyxin B derived from unmasking of 
the five free amino groups present in each of the 
parent antibiotics, it had not been possible to 
determine whether any of the components had 
intrinsic antibacterial activity [40]. Given the sul-
phomethylated form of polymyxin B was never 
adopted into clinical practice, the uncertainty sur-
rounding whether CMS possessed antibacterial 
activity in its own right persisted until recent 
times. Such uncertainty resulted in MIC mea-
surements for ‘colistin’ having been performed 
using colistin [183] or CMS [117], or both [21, 
136, 184]. Additionally, confusion surrounded 
microbiological assays used to measure ‘colistin’ 
concentrations in biological fluids. Study of the 
antibacterial activity of CMS, the parenteral form 
of colistin, had proven complicated due to the in 

vitro and in vivo conversion of CMS to colistin 
and a lack of analytical methods capable of dif-
ferentiating between colistin initially present in a 
sample and colistin subsequently formed from 
CMS; on this latter point, microbiological assays 
are incapable of such differentiation. In 2006 
Bergen et  al. [103] employed previously devel-
oped high-performance liquid chromatography 
(HPLC) assays [185–187] which are capable of 
separately quantifying the concentrations of 
colistin and CMS (the CMS concentration deter-
mined using this approach representing the con-
centration of CMS (i.e. the penta-sulphomethylated 
species) and the numerous partially-
sulphomethylated species that are intermediates 
in the conversion of CMS to colistin) to show that 
CMS may therefore be regarded as an inactive 
pro-drug of colistin. Additionally, this study 
demonstrated that the use of CMS is inappropri-
ate for MIC measurement.

3.4	 �Conclusions

The polymyxins are a family of chemically dis-
tinct cyclic lipopeptide antibiotics with high 
specificity for Gram-negative bacteria. The 
chemistry of this diverse group of amphipathic 
compounds is complex, with each group consist-
ing of mixtures of individual lipopeptides. Two 
polymyxins, polymyxin B and colistin, have been 
used clinically for approximately 60  years. 
Commercially, polymyxin B is available as poly-
myxin B sulphate whereas colistin is available as 
colistin sulphate and its sulphomethylated deriva-
tive, sodium colistin methanesulphonate (CMS); 
CMS is the form of ‘colistin’ that is administered 
parenterally. As polymyxins are of biological ori-
gin, the proportion of the different lipopeptide 
components in commercial preparations of poly-
myxin B or colistin vary between different brands 
and even between different batches from the 
same manufacturer. Similarly, commercial 
batches of CMS are provided as complex mix-
tures of fully and partially sulphomethylated 
derivatives.

Worldwide, the clinical use of colistin (pre-
dominantly as CMS) far exceeds that of poly-

T. Velkov et al.
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myxin B.  Relegated to the ‘back shelf’ in the 
1970s due to toxicity concerns, the emergence of 
MDR Gram-negative ‘superbugs’ resistant to 
almost all other available antibiotics has resulted 
in their progressive reintroduced into clinical 
practice over the last two decades. Given they 
retain excellent bactericidal activity against most 
common species of Gram-negative bacilli or coc-
cobacilli, they have become increasingly impor-
tant as salvage therapy for otherwise untreatable 
infections caused by MDR Gram-negative 
organisms.
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Abstract
The dry antibiotic development pipeline cou-
pled with the emergence of multi-drug resis-
tant Gram-negative ‘superbugs’ has driven the 
revival of the polymyxin lipopeptide antibiot-
ics. Understanding the mode of action of anti-
biotics is an important precursor for optimizing 
their use and development. This chapter pro-
vides a concise treatise of the current 
knowledge-based on the primary mode of 
action of polymyxins as well as recent devel-
opments in understanding of bacterial cell 
responses and secondary modes of action.

Keywords
Polymyxin · LPS · Free radical · Type II 
NADH-quinone oxidoreductase · Outer 
membrane remodelling

The outer membrane of the Gram-negative cell 
acts as a permeability barrier that protects the cell 
from various noxious substances, including 
numerous antimicrobials [1]. Polymyxins exert 
their antimicrobial action via direct interaction 
with the lipid A component of the lipopolysac-
charide (LPS) which leads to a disruption of this 
critical barrier function. Accordingly, under-
standing the mechanism of polymyxin antibacte-
rial activity requires a brief review of the 
architecture of LPS and the outer membrane. The 
complex asymmetrical structure of the outer 
membrane comprises an inner phospholipid leaf-
let, as well as an outer leaflet that predominantly 
contains LPS, proteins and phospholipids [1]. 
LPS is composed of three domains, a conserved 
inner core 2-keto-3-deoxyoctonoic acid (Kdo) 
bound to lipid A and a variable O-antigen com-
posed of repeating units of various polysaccha-
rides [1–4]. The structure of lipid A consists of 
aβ-10-6-linked D-glucosamine (GlcN) disaccha-
ride that is phosphorylated at the 1- and 4′-posi-
tions and decorated by a variable number of 
saturated hydrocarbon chains, generally C10-
C14 in length [2, 4]. Lipid A is intercalated within 
the outer leaflet, where in the saturated lipid A 
hydrocarbon chains are tightly packed together 
within the membrane through van der Waals 
forces, thereby acting as an anchor for the entire 
LPS structure [1, 5, 6]. Divalent cations (Mg2+ 
and Ca2+) associate with the lipid A phosphorest-
ers and function to bridge adjacent LPS mole-
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cules [1, 5, 6]. The barrier function of the outer 
membrane is further accentuated by a highly 
repulsive anionic charge conveyed by lipid A 
phosphorester moieties, as well as phosphate and 
carboxylate functionalities decorating the core 
and O-antigen sugars [1, 5, 6].

Amphipathicity of the polymyxins is critical 
for their outer membrane permeabilizing action. 
The conserved elements in the chemical structure 
of polymyxins that contribute to this amphipath-
icity includes the two hydrophobic domains (the 
N-terminal fatty acyl chain and the hydrophobic 
position 6–7 segment) separated by segments of 
polar (Thr) and cationic Dab side chains. The elu-
cidation of the three-dimensional NMR solution 
state structure of polymyxin B in complex with 
LPS revealed the polymyxin B molecule is folded 
such that the polar and hydrophobic domains 
form two distinct faces, thereby conferring struc-
tural amphipathicity (Fig. 4.1) [7, 8].

4.1	 �Primary Mode of Action 
of Polymyxins

Polymyxins are believed to exert their primary 
antimicrobial mode of action by permeabilizing 
the outer membrane via a direct interaction with 
LPS. Polymyxins zone-into their primary cellular 
target, LPS through the initial electrostatic inter-
action of the cationic L-α,γ-diaminobutyric acid 
(Dab) side-chains with the phosphate groups of 
the lipid A component of LPS, displacing diva-
lent cations (Ca2+ and Mg2+) that bridge adjacent 
LPS molecules (Fig. 4.2, Stage 1) [1, 5, 6, 9–11]. 
This initial electrostatic interaction allows the 
N-terminal fatty acyl chain and hydrophobic 
position 6–7 motif (Polymyxin B: D-Phe6-L-Leu7 
and colistin: D-Leu6-L-Leu7) of the polymyxin 
molecule to insert into the fatty acyl chain layer 
of the lipid A molecules. The insertion of the 

Fig. 4.1  Left panel. NMR-based model of polymyxin B 
bound to the lipid A component of E. coli LPS [7, 8]. 
Right panel. Chemical structures of polymyxin B, colistin 

and nonapeptide. Polymyxin residues: Thr: threonine; 
Leu: leucine; Phe: phenylalanine; Dab: α,γ-diaminobutyric 
acid

Fig. 4.2  (continued) leads to the displacement of divalent 
cations that help stabilize the outer membrane structure 
by bridging adjacent LPS molecules. Stage 2. The posi-
tively charged polymyxins displace divalent cations that 

bridge adjacent LPS molecules. The hydrophobic inser-
tion destabilizes the outer membrane. Stage 3. The poly-
myxin molecule penetrates into the inner membrane and 
inhibits the respiratory enzyme NDH-2
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Fig. 4.2  Schematic diagram depicting the putative mode 
of action of polymyxins. Stage 1. Electrostatic attraction 

between the positively charges polymyxin molecule and 
the negatively charges bacterial outer membrane surface 
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hydrophobic domains of polymyxins possibly act 
to weaken the packing of adjacent lipid A fatty 
acyl chains causing expansion of the outer mem-
brane monolayer. The fact that polymyxin B non-
apeptide (derived by proteolytic cleavage of the 
fatty acyl-Dab1 from the N-terminus of the poly-
myxin) is devoid of antibacterial activity high-
lights the importance of the hydrophobic 
interactions for the mechanism of polymyxin 
action [12]. Subsequently, the polymyxin mole-
cule inserts and disrupts the physical integrity of 
the phospholipid bilayer of the inner membrane 
leaflet via membrane thinning by straddling the 
interface of the hydrophilic head groups and fatty 
acyl chains or transient poration [6, 7, 10, 13, 14]. 
This ‘self-promoted’ uptake mechanism is 
believed to produce disruption of the outer mem-
brane structures, which leads to bacterial cell 
death (Fig. 4.2, Stage 2) [5, 6, 9–11]. It has also 
been proposed that the MOA of polymyxins 
involves producing contacts between the peri-
plasmic leaflets of the inner and outer membranes 
that promotes phospholipid exchange between 
the inner and outer membrane leaflets. This in 
turn would result in the loss of phospholipid 
compositional specificity, potentially to an 
osmotic imbalance that contributes to lytic cell 
death [15, 16]. This postulate is based on evi-
dence that polymyxin B when bound to anionic 
phospholipid vesicles is capable of forming 
vesicle-to-vesicle contacts [13, 15–17]. The abil-
ity of polymyxins to disrupt the inner membrane 
structure is coincident with their inhibition of the 
inner membrane respiratory enzyme the alterna-
tive type 2 nicotinamide adenine dinucleoti dede-
hydrogenase (NDH-2) in Mycobacterium 
smegmatis and in a number of pathogenic Gram-
negative bacteria [18, 19], which intuitively leads 
us to the next section that covers secondary 
modes of action of polymyxin lipopeptides.

4.2	 �Secondary Mode of Action 
of Polymyxins

Although cationic peptides such as the polymyx-
ins are traditionally thought of as outer 
membrane-active agents [20], the bacterial outer 

membrane is not necessarily the sole target for 
their mode of action [21–23]. Secondary targets 
involved in the bactericidal activity of polymyx-
ins remain poorly characterized. Based on avail-
able evidence, one possible secondary mode of 
action of polymyxin B and colistin in Gram-
negative bacteria involves the inhibition of bacte-
rial respiration [24, 25].

Instead of the multi-subunit complex I found 
in mammalian cells, protozoa, bacteria and plants 
possess a single sub-unit non-proton pumping, 
rotenone insensitive alternative type II NADH-
menaquinone oxidoreductase (NDH-2) [26–29]. 
The NDH-2 enzyme contains a single non-
covalently bound flavin adenine dinucleotide 
(FAD) cofactor and catalyzes the oxidation of 
NADH with menaquinone [28–31]. In general, 
the bacterial respiratory chain consists of three 
complexes with quinones and reduced nicotin-
amide adenine dinucleotide (NADH) acting as 
the carriers that shuttle electrons and protons 
between large protein complexes [32–36]. The 
exact organization of enzymes varies among dif-
ferent bacteria [32–34]. In Complex 1, three 
inner membrane respiratory enzymes of the 
NADH oxidase family have been identified: 
proton-translocating NADH-quinone (Q) oxido-
reductase (NDH-1), NADH-Q oxidoreductase 
which lacks an energy-coupling site (NDH-2) 
and the sodium-translocating NADH-Q oxidore-
ductase [32–34, 36].

We have shown that polymyxin B, B1, B2 and 
colistin can inhibit NDH-2 activity in the inner 
membranes of three different Gram-negative bac-
terial species (Escherichia coli, Klebsiella pneu-
moniae, Acinetobacter baumannii) in a 
concentration-dependent manner (Fig. 4.2, Stage 
3). The mechanism of NDH-2 inhibition by poly-
myxin B was investigated in detail with E. coli 
inner membrane preparations and conformed to a 
mixed inhibition model with respect to ubiqui-
none-1 and a non-competitive inhibition model 
with respect to NADH. The structure of the poly-
myxins (cyclic peptides) being distinct from 
those of the NDH-2 substrates NADH and Q1 is 
supportive of the inhibition kinetic data, in that 
they are unlikely to compete for the same sites on 
the enzyme. Our kinetic data are in line with the 
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reported data for Gluconobacter oxydans which 
showed that the  inhibition by gramicidin S and 
scopafungin was non-competitive with respect to 
NADH [37]. Scopafungin, which like polymyxin 
B and colistin possesses a cyclic ring and a long 
acyl chain in its structure, displayed a mixed inhi-
bition mode with respect to ubiquinone, whereas 
gramicidin S was a competitive inhibitor [37].

The IC50 values for the inhibition by poly-
myxin B and colistin of NDH-2 activity in inner 
membrane of the three different Gram-negative 
bacterial species were in most part comparable, 
indicating that inter-species differences in 
NDH-2 do not impact the inhibitory activity of 
the polymyxins. Polymyxin B was a better inhib-
itor compared to colistin, which is in line with 
reported results with the Gram-positive M. smeg-
matis NDH-2 [37]. Although polymyxin B and 
colistin display high IC50 values (polymyxin B 
IC50 = 50 μM; colistin IC50 = 251 μM) for NDH-2 
inhibition, under in vivo conditions there remains 
the possibility that very high local concentrations 
of the antibiotic can accumulate at the site of 
infection that fall within these IC50 value ranges. 
Coincidently, we have garnered in vitro evidence 
that suggests that polymyxins can accumulate in 
the inner membrane of Gram-negative bacteria 
[38]. Therefore, the high IC50 values do not dis-
miss the possibility that NDH-2 represents one of 
the secondary pathways that is targeted once the 
polymyxin penetrates the outer membrane. 
Notably also colistin inhibited NADH-quinone 
oxidoreductase activity in the polymyxin-
susceptible strain of K. pneumoniae with a com-
parable IC50 to that of the polymyxin-resistant 
strain, suggesting polymyxin resistance in these 
strains is not at the level of the inner membrane 
respiratory enzymes. Our previous study had 
indicated that the resistant derivative of K. pneu-
moniae exhibited less negative charge than the 
wild type that lead to failure of polymyxin inter-
action at the outer membrane [39]. The NDH-2 
activity was not inhibited by CMS, polymyxin B 
nonapeptide and colistin nonapeptide. The loss of 
inhibitory activity seen with the polymyxin nona-
peptide and CMS suggests that the N-terminal 
fatty acyl chain and the positive charges of the 

polymyxin molecule are critical for NDH-2 
inhibitory activity [40].

The fact that NDH-2 enzymes are not found in 
mammalian mitochondria and are mainly 
expressed by protozoa, bacteria and plants makes 
them very attractive drug targets [41]. Our data 
suggest that one of the secondary target sites of 
polymyxins is the type II NADH-quinone oxido-
reductase respiratory enzyme that forms an inte-
gral part of the bacterial electron transport 
pathway. In view of the dry antibiotic pipe-line, 
together with the increasing incidence of multi-
drug resistant in Gram-negative bacteria, NDH-2 
represents an important target that can be 
exploited for the development of new antibiotics 
against these problematic pathogens. Notably, 
energy metabolism and NDH-2  in particular, is 
emerging as an important drug target in 
Mycobacterium tuberculosis and Plasmodium 
falciparum [28, 29, 31, 42–45].

A recent preliminary biochemical study 
reported that rapid killing of A. baumannii by 
polymyxins is mediated by a hydroxyl radical 
death pathway, which although under explored, 
potentially represents another secondary mode 
of action whereby polymyxin kill Gram-
negative bacterial cells [46]. Coincidently, it 
has been proposed that most antibiotics cause 
bacterial cell death via a common mechanism 
whereby they disrupt bacterial metabolism 
leading to the generation of reactive oxygen 
species (ROS) that eventually kills the bacte-
rial cell [47].

4.3	 �Stress Responses 
to Polymyxin Treatment 
in Gram-negative Bacteria

The antibacterial activity of bactericidal antibi-
otic is not solely governed by its mode of action 
and its ability to interact with targets [47–51]. 
There are a number of bacterial response factors 
associated with exposure to sub-lethal concentra-
tions of polymyxins which will be reviewed in 
this section. These factors include activation of 
adaptive resistance mechanisms, the stimulation 
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of protective changes to cell physiology, and even 
induction of resistance mutations.

The protective stress response, also named 
adaptive resistance, is an auto-regulated antibi-
otic induced phenomenon and reversal to the sen-
sitive phenotype in the absence of inducer [52, 
53]. Extensive studies in recent years have pro-
vided significant insight into the outer membrane 
remodelling mechanisms responsible for adap-
tive resistance to polymyxins, perhaps best stud-
ied in Salmonella [54–57].

In response to polymyxin exposure, the outer 
membrane undergoes extensive remodelling of 
structural alterations contributing to adaptive 
resistance to polymyxins which is triggered by 
two-component systems (Fig. 4.3) [52, 54, 58]. 
In Salmonella, the response to polymyxins is 
mediated by the PhoPQ two-component system, 
where polymyxins interact with and activate the 
sensor PhoQ by displacing divalent cations from 
their metal binding sites in the sensor domain 
[59] and then activates the PhoP response regula-
tor to up-regulate a variety of target genes and 
ultimately promote adaptation to the stress. 
Specific changes in OM regulated by activated 
PhoP include: increasing O-antigen chain length, 
acylating, inhibiting deacylating, hydroxylating 
lipid A, derivitizing lipid A and LPS core phos-
phates with cationic groups, palmitoylating OM 
phosphatidylglycerols, and increasing the level 
of OM cardiolipins [54, 56]. Therefore, upon 
PhoPQ activation an extensive alteration of LPS, 
GPLs, and proteins elaborates the OM barrier 
more impermeable to polymyxins, thereby pro-
moting bacterial survival (Fig. 4.3) [54, 56].

4.4	 �Regulation of LPS 
Remodelling

Upon sensing polymyxins, PhoPQ increases 
transcription of pmrD and the pmrCAB operon 
to activate the response regulator PmrA 
(Fig. 4.3) [60–62]. The activated PmrA induces 
expression of a short membrane peptide, PmrR, 
which binds to and inhibits the lipid A phos-
phorylase LpxT, an enzyme responsible for 
increasing the negative charge of the outer 

membrane leaflet [56, 63]. The activated PmrA 
induces transcription of genes encoding 
enzymes that covalently modify lipid A and core 
sugar phosphates with positively charged ami-
noarabinose (L-Ara4N) and phosphoethanol-
amine (pEtN) [54]. The initial step for L-Ara4N 
moiety modification begins with the oxidation 
of UDP-glucose in the cytosol by the PhoP and 
PmrA-regulated UDP-glucose dehydrogenase 
(PagA, Ugd, or pmrE) [54, 64]. The remaining 
steps responsible for L-Ara4N moiety modifica-
tion are encoded within an operon pmrHFI-
JKLM (also known as arnBCADTEF), which is 
activated by PhoPQ through PmrA [54, 64]. 
When the biosynthesis proceeds to complete 
UDP formylated-L-Ara4N synthesis, the 
formylated-L-Ara4N residue is transfer from 
UDP to undecaprenyl phosphate carrier lipid on 
the inner leaflet of the inner membrane and then 
deformylated to form undecaprenyl phosphate-
L-Ara4N [54, 64]. Next, the undecaprenyl 
phosphate-L-Ara4N is flipped into the outer 
leaflet of the IM where the membrane protein 
ArnT (also known as PmrK) transfers the 
L-Ara4N moiety to nascent lipid A phosphates 
[54, 64]. Finally, O-antigen is loaded onto the 
core structure and then the assembled LPS mol-
ecules are moved from the inner membrane 
through the periplasm to the OM of cell surface 
by the lipopolysaccharide transport (Lpt) pro-
teins complex acquired driving powers from 
cytoplasmic ATP hydrolysis [54, 65]. The 
PmrAB-controlled pEtN transferases encoded 
by eptA (also known as lptA or pmrC) and cptA 
(or eptB) also contribute to polymyxins resis-
tance via their modification of lipid A and LPS 
core respectively, with positively charged pEtN 
[54, 56]. Decreased negative charge conferred 
by cationic groups L-Ara4N and pEtN on lipid 
A molecules diminishing binding sites plays a 
significant role in polymyxins resistance while 
modification of cationic groups on LPS core 
plays modest effect on resistance [54, 56, 66]. 
Though varies in details across Gram-negative 
species, the positively charged modification of 
lipid A mediated by two-component systems is 
the most commonly seen mechanism of poly-
myxins resistance [52, 56, 67, 68].
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Fig. 4.3  (a) Glycerophospholipid and lipid A modifica-
tions that ensue with Gram-negative membrane remodel-
ling associated with the development of polymyxin 
resistance. (b) Polymyxin-induced outer membrane 
remodelling, intracellular biochemical perturbations and 
resistance pathways. The initial outer membrane disor-
ganisation caused by polymyxin exposure is followed by 
intracellular redox perturbations of NDH-2 activity. These 
events are accompanied by activation of repair pathways 

and outer membrane remodelling. The PhoP/PhoQ two 
component regulatory system activates the lipid A deacyl-
ase PagL and PmrD which in turn activates PmrA. PmrA 
activates the expression of arnBCADTEF which are a col-
lective of enzymes modifying lipid A with cationic groups 
(e.g. 4-amino-4-deoxy-L-arabinose or phosphoethanol-
amine) to repel the polymyxin. PmrA also activates PmrR 
responsible for the repression of LpxT (phosphorylation 
of lipid A) and LpxR (deacylation of lipid A) genes 

4  Polymyxins: Mode of Action



44

An abundance of uniquely hydroxylated 
myristoyl groups has been detected in lipid A 
structures under PhoPQ activation in S. 
typhimurium [69]. The modification of hydroxyl-
ation of myristoyl groups is catalyzed by the inner 
membrane dioxygenase, LpxO, which act as part 
of a coordinated stress response [54, 56, 70].

PhoPQ activation regulates the composition 
proportions of O-antigen repeats through the 
action of the PmrA-regulated inner membrane 
protein complex Wzzst and WzzfepE [71–73]. Wzzst 
selectively determines the formation of ‘long’ (L) 
O-chain lengths around 16–35 repeat units, while 
WzzfepE is responsible for the ‘very long’ (VL) 
lengths with over than one hundred subunits. 
Activation of pmrA increased the fraction of such 
L-type and VL-type O-antigen in LPS molecules 
[71–73]. Raising the proportions of L-type and 
VL-type O-antigen leads to heightened resistance 
to serum [71]; moreover, VL-type enhanced two-
fold increase in polymyxin B resistance [73]. 
Thus, it is plausible that such types of O-antigen 
somehow promote barrier function and contribute 
to polymyxins resistance [54].

Three outer membrane enzymes PagP (or 
CrcA), PagL and LpxR with active-site exposed to 
the outer leaflet of OM are related to acylation or 
deacylation in barrier remodelling [54, 56]. In 
response to PhoPQ activation, the transcription of 
pagP is stimulated and thus upregulated the 
encoded proteins that modify lipid A with palmi-
tate [74]. Palmitoyl group transferring from phos-
pholipid (GPL) donors to lipid A occurs on the 
extracellular active-site of PagP and results in 
hepta-acylated lipid A species [54, 56, 64, 74]. The 
other two outer membrane enzymes, PagL and 
LpxR, acting as deacylation of lipid A are sub-
jected to post-translational inhibition by L-Ara4N 
modified lipid A as their active sites are found on 
the extracellular surface and in close proximity to 
lipid A [56, 64]. Increased palmitoylation and 
inhibited deacylation enhance the hydrophobicity 
of the OM and prevent penetration of the amphipa-
thic polymyxin molecules [54, 56].

4.5	 �Regulation 
of Glycerophospholipids 
(GPL) Remodelling

Recent research indicates that glycerophospho-
lipids (GPL) are also regulated components of 
the OM barrier in Gram-negative bacteria [55, 
75]. Penetration of polymyxin molecules can 
cause LPS layer to become displaced and shed 
from the outer leaflet and activated the PhoPQ 
system [59, 68, 75]. To maintain bilayer barrier 
integrity, GPL from the inner leaflet migrate into 
the outer leaflet of the OM to replace the breached 
areas of LPS with GPL as a consequence of 
locally weakened barrier which are only detect-
able in stressed cells [54, 55, 75, 76]. The outer 
membrane protein PagP with dual substrate spec-
ificity activated by the PhoPQ system can func-
tion as a membrane-intrinsic probe to restoration 
of the permeability barrier [55, 64]. In addition to 
lipid A, PagP transfers palmitoyl groups from 
GPL to the polar head group of phosphatidylg-
lycerol (PG) that have flipped onto the surface of 
OM forming palmitoyl-PG [54, 55]. Therefore, 
once LPS layer disrupted and PhoPQ system acti-
vated, GPL may be increasingly translocated to 
the outer leaflet and further acylated by pagP to 
enhance barrier hydrophobicity [54, 55, 64]. 
Also, the research work detected modest yet sig-
nificantly increases in cardiolipin (CL) amount of 
the OM on activation of PhoPQ, which was spec-
ulated to form functional micro-domains that 
promote OM lipid re-modelling [54, 55]. The 
phospholipid (PL) bilayer structure of OM is 
more permeable than the asymmetrical LPS-PL 
bilayer barrier, so the OM phospholipase A 
(OMPLA) and inter-membrane transport system 
Mla pathway are functioned to prevent surface 
exposure of PLs and maintain lipid asymmetry of 
the OM if necessary [75, 77]. Thus, coordinate 
regulation of LPS and GPL forms a remodelled 
OM barrier critical for bacterial protective 
responses and survival to polymyxins.
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4.6	 �Other Responses 
to Polymyxin Treatment 
in Gram-negative Bacteria

In Salmonella, antimicrobial peptides and cations 
occupy the overlapping binding site of the sensor 
PhoQ [59]. Divalent cations are bound to the 
acidic surface region of PhoQ sensor under nor-
mal conditions, while the displacement of these 
cations by antimicrobial peptides results in a con-
formational change that activates PhoQ and trig-
gers the hierarchical regulation [59]. To date, 
various two-component systems have been 
reported to associate with the adaption to sub-
inhibitory concentrations of antimicrobial pep-
tides in Pseudomonas aeruginosa, including the 
widespread PhoPQ and PmrAB systems, and the 
ParRS, ColRS and CprRS systems [52, 58, 78, 
79]. In contrast to Salmonella, P. aeruginosa 
senses divalent cations and cationic peptides via 
different mechanisms. Divalent cations are 
detected by PhoQ and PmrB but not peptides [58, 
79]. Whereas ParS and CprS can detect cationic 
antimicrobial peptides regardless of Mg2+ con-
centrations which are independent two-
component systems that might recognize different 
properties of peptides or the different effects of 
peptides on cell at specific concentrations. As for 
polymyxins, both participated at all concentra-
tions, with a greater involvement of ParRS which 
is likely to be the key component [78, 79]. The 
occurrence of at least two direct polymyxins 
response systems and three associated response 
regulatory systems in P. aeruginosa highlights 
the complexity of the adaptive resistant pathways 
in this organism.

Several tripartite efflux systems play consider-
able roles in the intrinsic and acquired resistance 
in P. aeruginosa. Each system consists of three 
proteins with presumed functions: a cytoplasmic 
membrane component of the resistance-
nodulation-division family acting as a trans-
porter, an outer membrane component forming 
channels, and a membrane fusion protein linking 
the two membranes [80, 81]. At the gene level, a 
constitutively expressed operon, mexAB-oprM, 
coding for an efflux system (MexAB-OprM) 
which contributes intrinsic resistance in P. aeru-

ginosa produced at a basal level in wild-type bac-
teria [80]; however, it has been observed that the 
MexAB-OprM efflux system is overexpressed in 
the metabolically active subpopulations of P. 
aeruginosa biofilm, conferring an unspecific 
adaptive resistant phenotype to polymyxins [52, 
82]. Another outer membrane efflux pump sys-
tem MexXY lacking OM protein in its own 
operon utilises OprM of the MexAB-OprM sys-
tem and forms MexXY-OprM system that has 
been shown to provide natural to aminoglyco-
sides and various unrelated antibiotics [80, 81]. It 
has been demonstrated that polymyxins can pro-
mote expression of the mexXY operons besides 
pmrAB and arnBCDTEF-ugd, and to coordi-
nately downregulate the oprD gene that promot-
ing β-Lactams resistance through the activation 
of the two-component systems ParRS [78]. These 
researches indicate that polymyxins are able to 
induce multidrug adaptive resistance of cells 
through the activation of distinct mechanisms 
(efflux, porin loss, and LPS modification) in P. 
aeruginosa [78, 82].

Microarray and high-throughput RNA-seq 
analysis revealed a global change pattern of gene 
expression leading to adaptive responses. When 
P. aeruginosa cells are exposed to sub-inhibitory 
concentrations of colistin, approximately 0.5% 
of 5500 genes showed significantly changed 
expression levels in the colistin-treated sample. 
Among them, 13 were upregulated and 17 were 
downregulated. The upregulated genes are 
involved in quorum sensing (QS) and biofilm 
formation besides well-known LPS modifica-
tion, while the downregulated genes are involved 
in motility (swarming and swimming motility) 
and osmotolerance [83]. Upon exposure to a 
much higher concentration of polymyxin 
(10 × MIC) treatment, a wider profile of global 
changes was identified from protective responses 
of Yersinia pestis to survive the stressful envi-
ronments. A total of 291 genes were differen-
tially expressed and 158 of them were induced. 
Among the 158 upregulated genes, 22 were reg-
ulatory genes including 8 two-component sys-
tems that globally or locally governing a wide 
set of stress-protective functions, 19 genes were 
involved in remodelling of cell envelope encod-

4  Polymyxins: Mode of Action



46

ing membrane components or polysaccharide 
surface structures, 4 operons including 9 genes 
were essential for dissimilation of sn-glycerol 
3-phosphate which is a direct precursor for phos-
pholipid biosynthesis [84], 10 were heat shock 
proteins that play important roles in preventing 
aggregation of proteins and repairing misfolded 
or damaged proteins caused by environmental 
stresses, 5 were related to drug resistance (3 of 
tellurium resistance and 2 of multidrug transport 
system), 11 genes organized into four operons 
were components of siderophore-based iron 
acquisition systems which known as high-patho-
genicity island shared by three pathogenic yer-
siniae [85]. Our recent high-throughput RNA-seq 
study of the transcriptomic response of 
Acinetobacter baumannii to colistin under con-
ditions that able to kill partial cells revealed hun-
dreds of genes differentially expressed including 
those of two-component systems, glycerophos-
pholipid metabolism, lipopolysaccharide bio-
synthesis, biofilm synthesis, drug resistant 
proteins, heat shock proteins as discovered from 
other Gram-negative strains (data unpublished). 
Moreover, genes involved in nucleotide excision 
repair and peroxisome were also significantly 
induced by killing concentration of colistin. Two 
genes encoding the peroxisome superoxide dis-
mutase SOD1 and catalase KatE (belonging to 
the antioxidant system) were upregulated after 
colistin treatment.

4.7	 �Mutations and Death

Recently, it has been demonstrated that a num-
ber of bactericidal antibiotic classes trigger the 
endogenous production of lethal active forms of 
hydroxyl radicals in bacteria through the Fenton 
reaction [46, 47, 51, 86] which depends on the 
availability of hydrogen peroxide, an iron spe-
cies and reducing equivalents [86–88]. 
Hydrogen peroxide is generated within cells as 
a by-product of oxidative metabolism when 
molecular oxygen accidentally acquires elec-
trons from the reduced cofactors of flavopro-
teins [50, 88] and bactericidal antibiotics 
elevated the generation of deleterious reactive 

species [48]. Iron is necessary for bacteria to 
survive and acquired from environment by bio-
synthetic iron chelators known as siderophores 
[86]. Hydrogen peroxide is capable of interact-
ing with intracellular ferrous form iron unincor-
porated or associated with biological molecules 
including iron-sulphur-dependent dehydratases 
and mononuclear iron proteins, oxidizing the 
iron and forming hydroxyl radicals in the pro-
cess [50, 86]. This is a cyclical process in vivo 
since intracellular reductants can reduce the 
oxidized iron back to ferrous form [86]. The 
event of iron disintegration from proteins elimi-
nates a variety of enzyme activity and the 
hydroxyl radical is an extremely powerful oxi-
dant that reacts with virtually all organic mole-
cules including giving a wide variety of DNA 
damage [50]. Ultimately, the oxidative damage 
of hydroxyl radical to DNA, lipids, and proteins 
eventually reaches levels that cannot be con-
trolled and thus contribute to cell death [47, 48].

It has been demonstrated that the rapid killing 
of Gram-negative species A. baumannii, 
Escherichia coli and Francisella novicida by 
polymyxins is in part mediated by a hydroxyl 
radical death pathway [46]. In addition, this 
mechanism of killing occurs in polymyxin-
susceptible A. baumannii isolates including 
multidrug-resistant clinical isolates but this 
response is not induced in a polymyxin-resistant 
isolate [46]. The mechanism by which polymyxin 
treatment induces the production of hydroxyl 
radicals in Gram-negative bacteria is not clear 
yet. Polymyxin-induced hydroxyl radical death 
does not occur in polymyxin-resistance isolates 
of A. baumannii but in susceptible isolates [46], 
and polymyxin resistance in A. baumannii is 
commonly due to blocking the entries through 
remodelling of the outer membrane [67, 68, 89]. 
Therefore, it seems that the event of the hydroxyl 
radical death pathway induced by polymyxins 
happened after the initial drug-target interactions 
on the outer membrane. The secondary MOA of 
polymyxins that they can inhibit NDH-2 activity 
in the inner membranes of detected Gram-
negative species [90] may result in accumulation 
of nicotinamide adenine dinucleotide (NADH) 
which can be utilized as a source of reducing 
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equivalents that contribute to Fenton reaction 
(Fig.  4.3b, bottom left part) [88]. In vitro the 
NADH-Fe (III)-EDTA-H2O2 system drives an 
ongoing Fenton reaction and DNA ensue breaks 
in such system while NAD+ is ineffective. 
Furthermore, the rate of DNA nicking corre-
sponds to the rate of NADH oxidation [88].

Exposure of Gram-negative species to low 
concentrations of hydrogen peroxide resulted 
in DNA damage that causes mutagenesis and 
kills the cell [87, 88]. It has been proposed that 
antibiotic-induced ROS may provide a mecha-
nism of acquiring beneficial mutations when 
stresses are small but induce lethality when 
stresses are large [48]. A recent study revealed 
that treatments with sub-lethal levels of bacteri-
cidal antibiotics resulting in up to 10 times 
increases in the mutation rate relative to an 
untreated control, a strong correlation between 
ROS (reactive oxygen species) formation and 
fold change in mutation rate, and heteroge-
neous increases in the minimum inhibitory con-
centration for a range of antibiotics irrespective 
of the drug target [49]. Colistin was bactericidal 
in a concentration-dependent manner [91]. 
Although colistin resistance is rare, colistin-
resistant A. baumannii, P. aeruginosa and K. 
pneumoniae isolates have been reported world-
wide. The emergence of colistin resistance or 
heteroresistance after colistin treatment can be 
easily selected in vitro and in vivo with muta-
tions of key genes for protective responses such 
as the initial two-component regulatory sys-
tems [91–93]. However, a recent study of colis-
tin mutant prevention concentrations (MPCs) 
for A. baumannii, P. aeruginosa and K. pneu-
moniae were shown to be very high (>64 μg/
mL) [93], which recommended polymyxin 
combination therapy to prevent the emergency 
of resistant mutants and the risk of toxicity at 
high concentrations [93].

Accordingly, bacterial cells contain scaveng-
ing enzymes to prevent the accumulation of reac-
tive oxygen species. Two well-known antioxidant 
system enzymes, catalase and SOD, can trans-
form active radicals into oxygen and water [72, 
73]. Our unpublished work of transcriptomic 
response of A. baumannii to colistin supported 

such protective response as 6 genes encoding 
peroxidases (including catalase and SOD) were 
significantly unregulated. Moreover, nucleotide 
excision repair genes for DNA damage repairing 
in our unpublished data, heat shock proteins [85] 
for repairing mis-folded or damaged proteins, 
iron acquisition systems [85] for recovering the 
function of iron disintegrated proteins were up-
regulated significantly which might partially 
arise from the response to hydroxyl radical 
damage.

In summary, polymyxins are capable of induc-
ing cell damage and death by interfering with 
their primary targets which trigger stress 
responses that induce outer membrane remodel-
ling preventing polymyxins from entering. While 
downstream secondary target-polymyxin interac-
tions might trigger redox-related physiological 
alterations that result in the formation of toxic 
reactive oxygen species as well as stimulating 
repairing responses which further contribute to 
cellular damage, mutations and death [48]. The 
formidable challenge of sub-lethal polymyxin 
treatment leading to multidrug resistance rather 
than completely killing the bacteria required us 
to expand our understanding of the polymyxin 
stress responses in Gram-negative bacteria on a 
detailed system-wide level. Such understanding 
helps in providing a foundation for finding key 
protective responses molecules. Those molecules 
can be utilised as therapy targets in combination 
with polymyxin-treatments to improve current 
therapeutic options and avoid resistant 
mutations.

4.8	 �Imaging Polymyxin 
Penetration and Localization 
in the Gram-negative 
Bacterial Outer Membrane

The unavailability of valid imaging probes with 
native activities is a significant barrier to examine 
the intra-cellular localization of polymyxins in 
Gram-negative bacterial cells [94]. Most reports 
of polymyxin probes either employed inactive 
nonapeptide derivatives or dansylated polymyxin 
B, which was derived by non-specifically reacting 
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polymyxin B with dansyl-chloride [95–98]. We 
have previously highlighted the deficiencies of 
directly amine-coupling dansyl groups onto the 
Dab side chains in semi-synthetic preparations of 
dansyl-polymyxin B [99]. Analysis of these semi-
synthetic dansyl-polymyxin B preparations 
revealed the existence of mono-, di-, tri-, and 
tetra-dansyl substituted species [99]. Furthermore, 
as polymyxin B is comprised of two major com-
ponents (B1 and B2), the potential for either of 
these components to be substituted at any of the 
five Dab side chains with up to four dansyl mole-
cules results in a highly variable mixture of dan-
sylated derivatives [99]. Commercial preparations 
of 4-bora-3a,4a-diaza-s-indacene (BODIPY) 
labelled polymyxin B displayed a markedly 
reduced antibacterial activities compared to poly-
myxin B [100]. Moreover, our group previously 

reported a fully synthetic [dansyl-Lys]1polymyxin 
B3 probe that was devoid of antibacterial activity 
[99]. These findings are consistent with our under-
standing of polymyxin SAR wherein the dansyl 
modification of the Dab side chains inactivates 
antibacterial activity [99]. Clearly, there is very 
little value in using these semi-synthetic prepara-
tions as imaging probes since they lack native 
antibacterial activityand pharmacological proper-
ties of the parent compound, polymyxin B.

We recently reported the regio-selective modi-
fication of the polymyxin B core scaffold at the 
N-terminus with the dansyl fluorophore to gener-
ate an active probe (probe (1)) that mimics poly-
myxin B pharmacologically (Fig. 4.4, bottom left 
panel) [38]. The design and synthesis of a dansyl 
molecular probe through the regio-selective mod-
ification of the polymyxin B core structure was 

Fig. 4.4  Bottom left panel. Chemical structure of the 
probe (1). Top left panel. NMR-based model of the probe 
(1)-Kdo2 lipid A complex. Right panel. Laser scanning 

confocal microscopy image of K. pneumoniae ATCC 
13883 cells treated with probe (1)
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undertaken with the aforementioned lipid A 
interaction principles in mind; in order to mimic 
the polymyxin B structure as closely as possible 
and to maintain its native antibacterial activity. 
The dansyl group was utilized for the fluorescent 
probe as it has suitable spectral properties and its 
relative small size would reduce the chance of 
steric effects. The regio-selective incorporation 
of the dansyl group into the hydrophobic 
N-terminal centre of the polymyxin B core scaf-
fold is prudent as it has a minimal impact on the 
native antibacterial activity of the polymyxin B 
scaffold. Therefore, the strategy we employed 
was to replace the N-terminal fatty acyl group of 
polymyxin B with the amino acid L-octylglycine, 
where the eight-carbon fatty acyl chain emulated 
the N-terminal fatty acyl chain of polymyxin B, 
whilst the Nα-amino group would provide a con-
venient point of attachment for the dansyl group 
(eliminating the need for additional orthogonal 
protection during the synthesis).

The antimicrobial activity of probe (1) was 
screened against a panel of ATCC and recent 
clinical isolates of polymyxin-susceptible and 
-resistant strains of P. aeruginosa, A. baumannii 
and K. pneumoniae. The probe showed antibac-
terial activity against polymyxin-susceptible 
strains (MIC 4–16 mg/L), compared to colistin 
(MIC 0.125–2  mg/L) and polymyxin B (MIC 
<0.125–2 mg/L). Probe (1) also displayed activ-
ity against polymyxin-resistant P. aeruginosa 
and A. baumannii strains (MIC 4–8  mg/L); 
colistin and polymyxin B (MIC >32 mg/L). It is 
understood that Gram-negative pathogens resist 
the action of polymyxins by introducing cat-
ionic modifications onto the phosphate groups 
on the lipid A component of LPS [101–106]. 
The most common mechanism involves esterifi-
cation of lipid A phosphates with aminoarabi-
nose, or ethanolamine [101–106]. The molecular 
tailoring serves to reduce the net negative charge 
of the outer membrane surface, thereby repel-
ling the electrostatic attraction with positively 
charged polymyxin molecules [107]. The NMR-
based molecular model of the probe (1)-Kdo2 
Lipid A complex implies that the combination 
of the L-octylglycine and the dansyl substituent 
at the N-terminus provides additional hydropho-

bic interactive forces that compensate for the 
electrostatic repulsion of the aminoarabinose 
phosphate modifications (Fig.  4.4, top left 
panel). The molecular model indicates that elec-
trostatic interactions with the 1-phosphorester 
group on lipid A are not hampered by the dansyl 
group. The model further suggests that the 
hydrophobic dansyl group interacts with the 
apolar environment formed by the fatty acyl 
chains of lipid A.  TEM imaging of K. pneu-
moniae ATCC 13883 cells treated with probe 
(1) at 0.5  ×  MIC revealed the formation of 
numerous protrusions or blebs extending from 
the outer membrane of the cells that possibly 
represent outer membrane fragments. A similar 
blebbing effect was observed with Gram-
negative bacterial cells treated with polymyxin 
B and colistin [108].

Time-lapse laser scanning confocal micros-
copy imaging of the penetration of probe (1) into 
K. pneumoniae ATCC 13883 cells revealed that 
the probe initially accumulates in the outer mem-
brane and subsequently penetrates into the inner 
membrane and finally becomes homogenously 
distributed into the cytoplasm (Fig.  4.4, right 
panel). Intriguingly, confocal imaging and spec-
trophotometric lysis assay experiments with 
spheroplasts isolated from K. pneumoniae ATCC 
13883 revealed that probe (1) also accumulated 
within and disrupted the inner membrane struc-
ture. Coincidently, our group has recently show 
that polymyxin B and colistin inhibit the NDH-2 
oxidoreductase inner membrane respiratory 
enzyme, which also may contribute towards their 
bactericidal effect (cf. preceding discussions; 
Fig. 4.1) [19]. Furthermore, the imaging experi-
ments revealed that at sub-MIC concentrations, 
probe (1) tends to accumulate on the surface of 
the bacterial cell and partly penetrates into the 
outer membrane. Whereas at <MIC concentra-
tions, probe (1) accumulated on the surface of the 
bacterial cell and entered into the cytoplasm. 
Fundamentally, the localization studies from the 
time-lapse laser scanning confocal microscopy 
imaging results helps validate the mechanistic 
model of polymyxin action (Fig. 4.1). Based on 
the imaging data, it is evident that polymyxins 
initially accumulate in the outer membrane, fol-
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lowed by a gradual penetration into the inner 
membrane and finally enter the cytoplasm in K. 
pneumoniae. These findings are consistent with 
the secondary mode of action of polymyxin B 
which involves an inhibitory activity against the 
inner membrane NDH-2 enzyme [19]. It will be 
most interesting to elucidate the intracellular bac-
terial cell target(s) for the polymyxins, which to 
date remains uncharacterized.

The commercial availability of this probe 
would greatly facilitate molecular imaging stud-
ies on both the mode of action and pharmacoki-
netics; and contribute towards the development 
of a new generation of polymyxin lipopeptides 
with superior activity against polymyxin-resistant 
Gram-negative ‘superbugs’.

In summary, polymyxins are bioactive natural 
products with beneficial pharmacological activi-
ties and their antimicrobial properties have been 
investigated for decades. Albeit, their precise 
mode of action remains unknown and much 
progress has been made towards understanding 
their bacterial killing effect. The compendium of 
data has highlighted that their bacterial killing 
mechanism is more complex than simply the 
long-standing notion that they impart a mem-
brane disorganising effect. Secondary, pathways 
such as the bacterial redox chain have been impli-
cated in their killing effect. Clearly, much work 
needs to be done to comprehensively elucidate 
the precise mode-of-action of these valuable lipo-
peptide antibiotics.
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Abstract
Polymyxin antibiotics are increasingly being 
used as last-line therapeutic options against a 
number of multidrug resistant bacteria. These 
antibiotics show strong bactericidal activity 
against a range of Gram-negative bacteria, but 
with the increased use of these antibiotics 
resistant strains are emerging at an alarming 
rate. Furthermore, some Gram-negative spe-
cies, such as Neisseria meningitidis, Proteus 
mirabilis and Burkholderia spp., are intrinsi-
cally resistant to the action of polymyxins. 
Most identified polymyxin resistance mecha-
nisms in Gram-negative bacteria involve 
changes to the lipopolysaccharide (LPS) 
structure, as polymyxins initially interact with 
the negatively charged lipid A component of 
LPS.  The controlled addition of positively 
charged residues such as 4-amino-L-arabinose, 
phosphoethanolamine and/or galactosamine 

to LPS results in a reduced negative charge on 
the bacterial surface and therefore reduced 
interaction between the polymyxin and the 
LPS.  Polymyxin resistant species produce 
LPS that intrinsically contains one or more of 
these additions. While the genes necessary for 
most of these additions are chromosomally 
encoded, plasmid-borne phosphoethanol-
amine transferases (mcr-1 to mcr-8) have 
recently been identified and these plasmids 
threaten to increase the rate of dissemination 
of clinically relevant colistin resistance. 
Uniquely, Acinetobacter baumannii can also 
become highly resistant to polymyxins via 
spontaneous mutations in the lipid A biosyn-
thesis genes lpxA, lpxC or lpxD such that they 
produce no LPS or lipid A. A range of other 
non-LPS-dependent polymyxin resistance 
mechanisms has also been identified in bacte-
ria, but these generally result in only low lev-
els of resistance. These include increased 
anionic capsular polysaccharide production in 
Klebsiella pneumoniae, expression of efflux 
systems such as MtrCDE in N. meningitidis, 
and altered expression of outer membrane 
proteins in a small number of species.
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5.1	 �How Do Polymyxins Kill 
Bacteria?

The outer membrane (OM) of Gram-negative 
bacteria serves as a semi-permeable barrier 
allowing essential molecules, such as nutrients, 
to enter the cell while excluding toxic compounds 
[1]. Lipopolysaccharide (LPS) is located on the 
outer leaflet of the outer membrane and is the 
major constituent of the Gram-negative cell sur-
face. It is composed of the hydrophobic lipid A 
(endotoxin), which anchors the LPS to the outer 
membrane, a core oligosaccharide, and in many 
species a repeating distal polysaccharide 
(O-antigen) [2]. The bactericidal activity of poly-
myxins is mediated by an initial charge-based 
interaction with the lipid A component of 
LPS. Lipid A produced by most species carries a 
negative charge due to the presence of free phos-
phate groups; the binding of positively charged, 
divalent cations such as Ca2+ and Mg2+ to the 
negatively charged phosphate groups stabilizes 
the LPS [3, 4]. However, polymyxins and other 
cationic peptides bind these negatively charged 
phosphate groups with higher affinity than diva-
lent cations and as a consequence displace Ca2+ 
and Mg2+, thus, destabilizing the LPS and result-
ing in reduced OM integrity [5]. This in turn 
leads to increased OM permeability, self-
promoted uptake of the polymyxin into the peri-
plasm and probable insertion of the molecule into 
the inner membrane. Mechanisms of killing are 
unknown; the insertion of polymyxins may 
induce mixing between the inner and outer mem-
branes leading to overall membrane disruption 
[6], although there is no indication that this 
results in cell leakage [7, 8]. Other mechanisms 
which may be involved in bacterial killing by 
polymyxins include the formation of hydroxyl 
radicals [9] and/or inactivation of protein targets, 
such as the type II NADH-quinone oxidoreduc-
tases [10]. For a more detailed description of the 
mode of action of polymyxins, see Chap. 4.

5.2	 �Resistance Mechanisms 
Affecting LPS Structure

Given that the primary interaction of polymyxins 
with the bacterial surface is via the charge-based 
interaction with LPS, it is not surprising that the 
majority of resistance mechanisms involve modi-
fications that alter LPS structure and charge 
(Figs. 5.1 and 5.2). These modifications include 
the addition of 4-amino-L-arabinose (L-Ara4N), 
phosphoethanolamine (PEtn) and/or galactos-
amine. These additions occur primarily to the 
phosphate groups of lipid A but additions can 
also be made to residues within the core oligosac-
charide such as 3-deoxy-D-mannooctulosonic 
acid (KDO).

5.2.1	 �Addition of 4-Amino-L-
Arabinose (L-Ara4N)

In many bacteria, including Salmonella enterica, 
Escherichia coli and Pseudomonas aeruginosa, 
the addition of the amino sugar, L-Ara4N, to lipid 
A of LPS results in high level polymyxin resis-
tance of up to 512 mg/L [11–13]. The substitu-
tion of one or more of the negatively charged 
phosphate groups on the lipid A with L-Ara4N 
abrogates the initial charge-based interaction 
with the positively charged amino groups of the 
polymyxin.

The biosynthesis and addition of L-Ara4N 
requires the co-ordinated activity of the enzymes 
PmrE, PmrH, PmrF, PmrI, PmrJ, PmrK, PmrL 
and PmrM (also known as Ugd, ArnB/PbgP, 
ArnC, ArnA, ArnD, ArnT, ArnE and ArnF, 
respectively) (Fig.  5.3) [14]. Synthesis of 

L-Ara4N begins in the cytoplasm with conversion 
of UDP-glucose to UDP-glucuronic acid by 
PmrE/Ugd, followed by oxidative decarboxyl-
ation of the UDP-glucuronic acid to UDP-4-keto-
pyranose by PmrI/ArnA [2]. PmrH/ArnB then 
converts the UDP-4-keto-pyranose to UDP-β 
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-L-Ara4N, which undergoes formylation by PmrI/
ArnA to generate UDP-β-L-Ara4FN [15]. The 
UDP-β-L-Ara4FN is then transferred to an inner 
membrane-located undecaprenyl phosphate car-
rier by the action of PmrF/ArnC, where it is then 
deformylated by PmrJ/ArnD and flipped across 
the inner membrane into the periplasm by the 
combined action of PmrL/ArnE and PmrM/ArnF, 
after which the L-Ara4N is transferred to lipid A 
by the glycosyltransferase PmrK/ArnT [16, 17].

In S. enterica and E. coli, L-Ara4N is preferen-
tially added to the 4′ phosphate group (Fig. 5.2b) 
of lipid A by PmrK, but it can also be added to the 
1 position or to both positions [18] depending on 
the presence/absence of the PEtn transferase 

PmrC/EptA (see below). The addition of L-Ara4N 
is highly dependent on the presence of the C14 
3′-acyloxyacyl-linked myristate group on lipid A 
(Fig.  5.2b), which is transferred to the lipid A 
molecule by the myristoyl transferase 
LpxM. Thus, in an lpxM mutant, only very small 
amounts of L-Ara4N are added to lipid A even 
under inducing conditions [19].

Expression of the genes required for L-Ara4N 
biosynthesis and transfer to lipid A is regulated 
differently between species. In S. enterica, 
expression of the pmrE and pmrHFIJKLM genes 
is controlled both by the direct action of the two-
component signal transduction system (TCSTS) 
PmrAB and the indirect action of the TCSTS 

Fig. 5.1  Overview of polymyxin resistance mechanisms
Schematic representations of the different polymyxin 
resistance mechanisms identified to date, and the species 
in which they have been observed. (a) Susceptible cell 
showing the inner and outer membrane and the peptido-
glycan layer (yellow and blue rectangles) in the periplasm. 
The LPS which forms the outer leaflet of the Gram-
negative cell is negatively charged and is the initial bind-
ing target of the positively charged polymyxin. (b) Many 
species, including S. enterica, E. coli, P. aeruginosa, 
Yersinia ssp. and A. baumannii can become resistant to 
polymyxins via modification of LPS.  These changes 
include the addition of L-Ara4N (yellow hexagons), PEtn 
(green triangles) and/or galactosamine and may also 
include changes to the fatty acid chains. These LPS modi-
fications are generally controlled by two component sig-
nal transduction systems such as PmrAB and PhoPQ in 

response to a range of conditions including, but not lim-
ited to, low Mg2+ high Fe3+ and the presence of cationic 
peptides (see Fig. 5.4 for more detail on regulation of gene 
expression). (c) A. baumannii can become resistant to 
polymyxins by complete loss of LPS including the lipid A 
anchor. Loss of LPS results from mutations within the 
genes lpxA, lpxC or lpxD. (d) In K. pneumoniae increased 
expression of capsule (grey hatched area) results in 
increased polymyxin resistance. (e) In N. meningitidis 
expression of the tripartite efflux system MtrCDE (orange/
red/blue membrane spanning complex) results in 
increased polymyxin resistance. The MtrCDE structure is 
based on the model of Janganan et  al. [95]. Polymyxin 
resistance has also been associated with changes in outer 
membrane protein expression in Y. enterocolitica and V. 
cholera (not shown)
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PhoPQ (Fig.  5.4). The membrane bound PmrB 
sensor kinase is activated and autophosphory-
lated in response to a range of stimuli including 
low pH, high Fe3+ and Al3+ conditions (reviewed 
by [20]). Activation of PmrB results in phosphate 
transfer to the PmrA response regulator. The 

phosphorylated and activated PmrA then binds to 
a conserved motif called the PmrA box which is 
located upstream of the −35 regions of a number 
of promoters including the pmrHFIJKLM, pmrE 
and pmrCAB promoters (Fig.  5.4) and induces 
increased expression of the downstream genes 

Fig. 5.2  LPS modifications that lead  to polymyxin 
resistance
(a) Structure of the E. coli LPS isolated from strains that 
are susceptible to polymyxins. (b) Modifications of the 
lipid A portion of LPS that lead to polymyxin resistance 
[57]. The transferase required for each substitution is 
shown above each arrow. PEtn (shown in red) and L-Ara4N 
(shown in blue) are primarily added to the 1 and 4′ posi-
tion of lipid A respectively although both moieties can be 
added to either position under certain conditions. The 

addition of L-Ara4N is dependent on the presence of the 
C14 myristate group (shown in brown), which is added 
during lipid A biosynthesis by the LpxM transferase. (c) 
Structure of B. cenocepacia LPS that gives high intrinsic 
polymyxin resistance to this species [54, 96]. Non-
stoichiometric additions are noted by dashed red lines. (d) 
Structure of the A. baumannii LPS containing substitu-
tions with both PEtn (shown in red) and galactosamine 
(shown in green) [75]
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Fig. 5.3  Genetics and biochemistry of L-Ara4N addition 
to LPS
(a) Genes involved in the biosynthesis, transport and addi-
tion of L-Ara4N to LPS. (b) Schematic representation of 
the steps involved in the biosynthesis, transport and addi-
tion of L-Ara4N to the lipid A component of LPS. Enzymes 
required for each step are shown above or beside each 
arrow. UDP-glucose is first oxidised to UDP-glucuronic 
acid by the action of PmrE/Ugd. PmrI/ArnA then cata-
lyzes the oxidative decarboxylation of UDP-glucuronic 
acid to UDP-4-keto-pyranose, PmrH/ArnB converts 
UDP-4-keto-pyranose to UDP-L-Ara4N and UDP-L-

Ara4N undergoes formylation by PmrI/ArnA to generate 
UDP-L-Ara4FN.  The UDP-L-Ara4FN is then transferred 
to the undecaprenyl phosphate carrier by the action of 
PmrF/ArnC.  The UDP-L-Ara4FN (blue rectangle) is 
deformylated through the action of PmrJ/ArnD and then 
flipped across the inner membrane by the combined action 
of PmrM/ArnF and PmrL/ArnE. The L-Ara4N component 
of this molecule (orange rectangle) is then transferred to 
the lipid A of LPS by the PmrK/ArnT transferase. UndP, 
undecaprenyl phosphate; UDP, uridine diphosphate. 
Figure modified from Yan et al. [17]
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[21]. The PmrA box contains a consensus 
sequence comprised of two YTTAAK repeats 
separated by 5  bp [22]. Constitutively active 
PmrA mutants (H81R) can give up to 3000-fold 
activation of the pmrHFIJKLM operon [21, 23].

The PhoPQ TCSTS can indirectly activate 

L-Ara4N addition to LPS via increased expres-
sion of the PmrD protein [24]. PmrD inhibits the 
dephosphorylation of the PmrA response regula-
tor, resulting in enhanced PmrA activity and 
increased activation of the pmrHFIJKLM locus 
[25]. An increase in PmrD expression can occur 
in response to low Mg2+, low pH, or in the pres-
ence of cationic peptides or extracellular DNA 
[26–28] (Fig.  5.4). Phosphorylated PhoP is the 
transcriptional activator of PmrD expression [29] 
and amino acid changes in PhoP (S93 N and/or 
Q203R) that lead to constitutive activation result 
in increased PmrD expression and polymyxin 
resistance [30] (Fig. 5.4).

In E. coli, the addition of L-Ara4N to lipid A 
appears to be controlled only by the PmrAB 
TCSTS. E. coli expresses a Mg2+-responsive 
PhoPQ TCSTS which also activates expression 
of PmrD. However, the E. coli PmrD, which has 
55% shared amino acid identity with the 
Salmonella PmrD, does not activate the PmrAB 
response regulator. As there is no communication 
between the two systems, E. coli is unable to 
modify LPS with L-Ara4N in response to low 
Mg2+ concentrations [31].

In P. aeruginosa, the addition of L-Ara4N to 
lipid A is also dependent on expression of the 

L-Ara4N biosynthesis and transfer genes that, 
unlike the situation in Salmonella, are organised 
in a single operon (pmrHFIJKLME). The operon 
is induced in response to low Mg2+ and in the 
presence of antimicrobial peptides (such as poly-
myxin B and LL-37 among others) or extracel-
lular DNA [12, 32, 33]. However, the regulation 

Fig. 5.4  Regulation of LPS additions that can give rise to 
polymyxin resistance
(a) The PmrAB and PhoPQ two-component systems regu-
late addition of L-Ara4N and PEtn to LPS in S. enterica in 
response to low Mg2+, low pH, the presence of antimicro-
bial peptides such as polymyxins, extracellular DNA, and 
high levels of Fe3+and Al3+. (b) The PmrAB, PhoPQ, 
ParRS, CprRS and ColRS two component systems regu-

late the addition of L-Ara4N and PEtn to LPS in P. aerugi-
nosa in response to a wide range of conditions. 
Furthermore, the ParRS system also plays a role in resis-
tance to other antibiotics via mexXY and oprD. The ques-
tion mark indicates that it is currently unclear whether the 
active form of PhoP is phosphorylated or 
unphosphorylated
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of these genes appears significantly more com-
plex in P. aeruginosa than in S. enterica (Fig. 5.4).

PmrAB is the primary TCSTS involved in 
controlling L-Ara4N addition to P. aeruginosa 
LPS; pmrA or pmrB mutations leading to inacti-
vation of the PmrAB system result in strains with 
2- to 16-fold increased polymyxin susceptibility 
[32]. Similarly, mutations that constitutively acti-
vate the sensor kinase PmrB (L243Q and A248V) 
result in L-Ara4N substitution of LPS and 
increased resistance to polymyxin [12]. In P. 
aeruginosa the PmrAB system directly responds 
to low Mg2+ but not high levels of Fe3+ [12]. The 
PhoPQ TCSTS also plays a role in polymyxin 
resistance, responding to low Mg2+, extracellular 
DNA and interaction with epithelial cells [34–
36]. In P. aeruginosa the PhoP response regulator 
acts directly on the pmr operon, unlike in 
Salmonella, where PhoP has an indirect role via 
up-regulation of PmrD expression [30, 37]. 
Unusually, the PhoQ sensor kinase appears to 
repress PhoP activity. Mutations that inactivate 
PhoQ lead to increased activity of PhoP and 
increased addition of L-Ara4N to LPS [35, 38]. It 
is unclear whether PhoQ repression of PhoP is 
via kinase or de-phosphorylation activity as the 
phosphorylation status of the active form of PhoP 
is not known [38]. The PhoPQ system also regu-
lates expression of the outer membrane porin 
OprH, which is encoded as the first gene in the 
three-gene operon containing oprH, phoP and 
phoQ (Fig. 5.4) [35]. Inactivation of PhoP results 
in the loss of expression of oprH, phoP and phoQ 
and a concomitant loss in polymyxin resistance 
[35] supporting the hypothesis that PhoP posi-
tively regulates the L-Ara4N synthesis and trans-
port genes.

At least three other TCSTS, designated ParRS, 
CprRS and ColRS, contribute to the regulation of 
polymyxin resistance in P. aeruginosa [39, 40]. 
In Salmonella, PhoQ responds to low Mg2+ con-
ditions as well as the presence of antimicrobial 
peptides through a common binding site on PhoQ 
[26]. However, the P. aeruginosa PhoQ plays no 
role in the response to antimicrobial peptides. 
Rather, the P. aeruginosa ParRS and CprRS sys-
tems each activate the pmr operon in response to 
antimicrobial peptides [39, 40]. Both ParRS and 

CprRS respond to polymyxin as well as a range 
of antimicrobial peptides such as indolicidin and 
pleuricidin but in different ways [40]. Importantly, 
ParRS also controls expression of other genes 
involved in drug resistance, including the genes 
encoding the MexXY efflux system and the 
carbapenem-specific porin OprD [41]. 
Furthermore, a transposon mutagenesis screen of 
a phoQ mutant identified the TCSTS ColRS, as 
playing a role in polymyxin resistance [42]. 
ColRS has recently been shown to increase 
expression of the PEtn transferase PmrC (EptAPA) 
but reduce expression of the L-Ara4N transferase 
PmrK/ArnT in response to Zn2+ [43]. However, 
this Zn2+-mediated regulation of PEtn addition to 
LPS does not appear to affect polymyxin resis-
tance in P. aeruginosa, so it is currently unclear 
precisely how the ColRS TCSTS directly affects 
polymyxin resistance. Finally, the MerR-like 
transcriptional regulator BrlR, which controls 
expression of the multidrug efflux systems 
MexAB-OprM and MexEF-OprN [44], also 
represses phoPQ expression and therefore the 
action of BrlR can increase susceptibility of P. 
aeruginosa to polymyxins [45] (Fig. 5.4).

Polymyxin-resistant P. aeruginosa isolates 
recovered from chronically infected cystic fibro-
sis patients have been shown to produce LPS 
with lipid A modifications that include L-Ara4N 
as well as increased addition of the C16 fatty acid 
palmitate [46, 47]. Furthermore, a study of poly-
myxin resistant P. aeruginosa strains that were 
isolated from cystic fibrosis patients who had 
been treated with colistin, revealed that all of the 
isolates contained inactivating phoQ mutations 
that resulted in increased polymyxin resistance 
via the addition of L-Ara4N to lipid A [38]. P. 
aeruginosa phoQ mutants also display novel pal-
mitate additions to lipid A, reduced growth rate, 
reduced twitching motility and cytotoxicity, as 
well as reduced in vivo fitness in a rat lung infec-
tion model. However, it appears that these 
changes do not completely abrogate the ability of 
these strains to cause serious infections in cystic 
fibrosis patients [48].

Yersinia spp. can also express LPS with 

L-Ara4N substitution [49, 50]. A Y. pestis arnT 
(pmrK) mutant, lacking L-Ara4N substitution on 
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the lipid A component of the LPS, was 60-fold 
more susceptible to polymyxin B [49]. Similarly, 
mutants with truncated core oligosaccharide 
(e.g. a waaQ hepIII-transferase mutant) were 
also highly susceptible and an LPS mutant 
expressing only the lipid A molecule with no 

L-Ara4N substitution was 250-fold more sus-
ceptible [49]. Thus, core oligosaccharide com-
position and/or length may play a direct role in 
polymyxin resistance in Y. pestis or may play an 
indirect role by inhibiting the addition of 

L-Ara4N to lipid A. Y. pestis alters its LPS com-
position when grown under different tempera-
tures, resulting in changes to polymyxin 
resistance. When cultured at the temperature 
extremes of 37 °C and 6 °C, Y. pestis is highly 
susceptible to polymyxin B, but when grown at 
25 °C, the addition of L-Ara4N to lipid A con-
fers polymyxin B resistance. Modification of 
the LPS core with glycine, a highly uncommon 
LPS core component, may also play a role in 
polymyxin resistance in Y. pestis [51]. The LPS 
core of the Y. pestis strain 1146 grown at 25 °C 
was shown to have an increase in cationic gly-
cine but no addition of L-Ara4N to the lipid A, 
suggesting that glycine alone may be responsi-
ble for the increased resistance [51].

Burkholderia cenocepacia (as well as other 
Burkholderia species) exhibits very high intrin-
sic polymyxin resistance, mediated by LPS that 
is substituted in multiple positions with L-Ara4N 
(Fig. 5.2c) [52]. Unusually, L-Ara4N is used by 
B. cenocepacia to modify both the lipid A and a 
branched D-glycero-D-talo-oct-2-ulosonic acid 
residue in the LPS inner core [53, 54]. 
Interestingly, the synthesis of L-Ara4N is essen-
tial for B. cenocepacia viability (Ortega at al 
2007). This is because LPS is essential for B. 
cenocepacia viability and the LPS transporter, 
LptG, can only recognise and transport LPS 
molecules that are modified with L-Ara4N [52]. 
Other species that contain L-Ara4N as a substi-
tution of the LPS inner core oligosaccharide, 
such as Serratia, Proteus and Ralstonia ssp., 
also display very high levels of polymyxin resis-
tance [52, 55].

5.2.2	 �Addition of PEtn to LPS

In S. enterica the PmrAB TCSTS also controls 
the expression of genes required for PEtn addi-
tion to the lipid A component of the LPS mole-
cule via the PEtn transferase PmrC (also known 
as EptA or PagB) [56]. PmrC is encoded by the 
first gene in a three-gene operon that also encodes 
the PmrA and PmrB TCSTS proteins (Fig. 5.4). 
Inactivation of only the pmrC gene of this operon 
results in mutants that lack the PEtn substitution 
to lipid A and are 3- to 5-fold more susceptible to 
killing by polymyxin B compared to the wild-
type strain [56]. However, L-Ara4N substitution 
of the lipid A in S. enterica plays a greater role in 
polymyxin resistance; a strain unable to convert 
UDP-4-keto-pyranose to UDP-L-Ara4N 
(pmrH/pbgP mutant) was approximately 1000 
times more susceptible to polymyxin B than the 
wild-type strain [56]. This appears to be reversed 
in E. coli as an E. coli L-Ara4N glycosyltransfer-
ase mutant showed an 8-fold decrease in resis-
tance while a PEtn transferase mutant was 20-fold 
less resistant than the wild-type strain [57].

As noted above (Sect. 5.2.1), in S. enterica 

L-Ara4N is preferentially added to the phosphate 
group at the 4′ position of lipid A and PEtn is 
added to the 1 position [18]. However, as is the 
case for addition of L-Ara4N, PEtn can be added 
to both positions in the absence of L-Ara4N. In S. 
enterica and E. coli, under conditions that repress 
PEtn addition (e.g. high Mg2+), a second phos-
phate group can be added to the 1 position of 
lipid A in place of PEtn by the LpxT transferase 
[57, 58]. LpxT activity is negatively regulated by 
the PmrAB TCSTS via induction of pmrR, 
encoding a 30 amino acid membrane peptide that 
directly inactivates LpxT.  Thus, induction of 
PmrAB activates the transferases that add 

L-Ara4N and PEtn, and inhibits the competing 
LpxT transferase [57, 58].

Polymyxin resistance in A. baumannii can be 
mediated by addition of PEtn to LPS and this is 
dependent on the PEtn transferase PmrC as well 
as the TCSTS proteins PmrA and PmrB [59, 60]. 
As observed in Salmonella, activation of the 
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PmrAB TCSTS in A. baumannii results in 
increased transcription of the pmrCAB operon, 
with the first gene in the operon encoding the 
PEtn transferase PmrC. A. baumannii mutants 
with constitutively active PmrA or PmrB display 
increased colistin resistance of between 4- and 
128-fold. Conversely, strains lacking a functional 
pmrB show 100-fold increased susceptibility to 
colistin [60]. Mutations in pmrAB associated 
with polymyxin resistance include point muta-
tions leading to amino acid substitutions within 
the PmrA response regulator (E8D, M12I, M12K 
P102H) and within the PmrB sensor kinase 
(T13N, T13A, S14L, S17R, L87F, Y116H, 
M145L, M145I, A227V, R231L, T232I, P233T, 
P233S, T235I, A262P, R263L, R263P, R263C, 
G315D, N353Y, F387Y, S403F) [59–64]. Many 
of the amino acid substitutions within PmrB that 
confer polymyxin resistance fall within the pre-
dicted histidine kinase domain (amino acids 216–
276); residues between 231–235 and 262–263 
appear particularly important. PmrB is required 
for acid-induced polymyxin resistance in A. bau-
mannii but not for resistance induced by high lev-
els of Fe3+, indicating that other TCSTS may also 
be involved in controlling polymyxin resistance 
in this species [61].

Polymyxin-resistant clinical isolates of A. 
baumannii have been shown to arise in patients 
during failed colistin treatment [62, 64–66]. 
Analysis of 28 A. baumannii isolates (14 ColS 
and 14 ColR) recovered from seven combat 
trauma patients before and after colistin treat-
ment indicated that all the resistant isolates had 
mutations leading to amino acid changes in PmrA 
and/or PmrB [62]. However, the amino acid 
sequences of PmrA and PmrC encoded within 
the pmrCAB operon of these isolates differed suf-
ficiently from the equivalent amino acid 
sequences in other A. baumannii strains that they 
were designated PmrA1 and PmrC1 respectively. 
Moreover, all isolates contained two additional 
PmrC paralogues located elsewhere on the 
genome, designated EptA-1 and EptA-2. An 
analysis of 116 A. baumannii genome sequences 
identified that 20% of the sequenced strains 
contained two PmrC paralogues while 4% con-

tained three or more PmrC paralogues [62]. 
Importantly, transcriptional analysis by quantita-
tive reverse transcriptase PCR indicated that in 
the colistin resistant, pmrAB TCSTS mutants, 
expression of each of the PEtn transferases PmrC, 
EptA-1 and EptA-2 was significantly increased. 
These data suggest that eptA-1 and eptA-2 are 
also important for polymyxin resistance and may 
be at least partially under the control of PmrAB 
[62].

Interestingly, colistin resistance due to muta-
tions in the A. baumannii pmrAB genes correlates 
with a fitness cost [63, 64, 67, 68]. A pmrB 
mutant showed reduced in vitro growth and 
reduced competitive in vivo growth in a mouse 
systemic infection model but still caused normal 
levels of disease in mice [67]. Importantly, the 
polymyxin resistance of isolates with pmrB mis-
sense mutations that arose independently follow-
ing colistin treatment in four patients, was rapidly 
lost (returned to colistin sensitivity) following 
termination of colistin treatment [64]. Mutations 
in the resistant strains all led to changes in PmrB 
(P233S, R263C, M145I and T13A) that likely 
resulted in constitutive activation [64]. One strain 
containing a pmrB mutation (leading to L271R) 
appeared more stable in the absence of colistin 
but also showed lower levels of resistance [64]. 
In another pmrB mutant (leading to P233S), iso-
lated from a patient following cessation of colis-
tin treatment, a reversion to polymyxin sensitivity 
was later observed. Genetic analyses revealed 
that the reversion to sensitivity was due to a sec-
ondary mutation in pmrA (leading to L206P) that 
abrogated the DNA binding ability of 
PmrA. Thus, in this isolate, the constitutive acti-
vation of the PmrAB TCSTS that resulted from 
the initial pmrB mutation was reversed by a sec-
ond mutation in pmrA.

There is no structural evidence that A. bau-
mannii modifies the lipid A component of the 
LPS with L-Ara4N although modification with 
the structurally similar residue galactosamine can 
occur (see below). Furthermore, homologs of the 
PmrHFIJKLME proteins, which are essential for 

L-Ara4N synthesis and attachment to LPS in S. 
enterica, P. aeruginosa and E. coli (see above), 
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have not been identified in A. baumannii. In addi-
tion, there are no clear A. baumannii homologs of 
the Salmonella PhoPQ TCSTS proteins [60], 
which play important roles in controlling the 
addition of PEtn and L-Ara4N to LPS in that 
species.

All of the above-described PEtn transferases 
are encoded on the bacterial genome. Thus, 
development of colistin resistance by these 
mechanisms is normally due to increased expres-
sion of the transferase genes, either as a direct 
response to the presence of the antibiotic or other 
inducers (Fig. 5.4), or following activating muta-
tions in the controlling two component signal 
transduction systems (e.g. PmrAB; Fig.  5.4). 
However, recently some novel PEtn transferase 
genes, designated mcr-1 (and highly related 
genes mcr-1.2 and mcr-1.3) to mcr-8, have been 
identified on a number of different plasmids [69–
71]. The majority of these plasmids are likely to 
be conjugative and some have been shown to 
transfer at a very high rate (10−1–10−3 cells per 
recipient) [72]. This is a very worrying situation 
as such plasmids are likely to rapidly increase the 
spread of colistin resistance. Indeed, mcr-postive 
isolates have already been identified from multi-
ple countries in Europe, Asia, Africa and the 
Americas [73]. At this time mcr plasmids have 
been identified mainly  in members of the 
Enterobacteriaceae, but heterologous expression 
of mcr-1 in A. baumannii results in PEtn addition 
to LPS and colistin resistance, suggesting that 
transfer of plasmid-mediated colistin resistance 
to other nosocomial pathogens is only a matter of 
time [74]. It is currently unknown whether 
expression of these plasmid-borne mcr genes is 
controlled by two-component regulatory systems 
in a similar way to the chromosomally-located 
genes.

5.2.3	 �Addition of Galactosamine 
to LPS

A. baumannii LPS can be modified by addition of 
galactosamine to lipid A. Galactosamine is struc-
turally very similar to L-Ara4N and its addition 

would also act to mask the negative charge on the 
lipid A phosphate groups (Fig. 5.2d). The A. bau-
mannii colistin resistant strain, MAC204, which 
was selected initially by in vitro passage in the 
presence of 1  mg/L colistin, then allowed to 
revert to a non-resistant phenotype on normal 
media before final selection on 2 mg/L colistin, 
was shown to contain both PEtn and galactos-
amine modification by MALDI-TOF MS 
(Fig. 5.2d) [75]. The same additions of both PEtn 
and galactosamine have also been observed in 
clinical isolates recovered from patients follow-
ing colistin treatment [75]. The lipid A of 
Francisella tularensis also contains galactos-
amine [76, 77], which is predicted to confer poly-
myxin resistance to this species [76].

5.2.4	 �Complete Loss of LPS 
and Lipid A

One of the most intriguing mechanisms of poly-
myxin resistance identified to date is the com-
plete loss of lipopolysaccharide (LPS) from the 
bacterial surface. A. baumannii can become poly-
myxin resistant via the complete loss of LPS, 
including the lipid A moiety that anchors LPS to 
the cell surface (Fig. 5.1). This dramatic change 
in the cell surface results in high level resistance 
(>256 mg/L) to polymyxins [78]. Currently, this 
mechanism of polymyxin resistance has only 
been observed in A. baumannii.

Loss of LPS including the lipid A anchor in A. 
baumannii occurs following mutations in any of 
first three genes in the lipid A biosynthesis path-
way; namely, lpxA, lpxC and lpxD. Analysis of 
21 independent in vitro derived colistin resistant 
derivatives of the A. baumannii type strain ATCC 
19606 showed that each contained a unique 
mutation in one of the first three genes in the lipid 
A biosynthesis pathway [78, 79]. These sponta-
neously occurring mutations included single base 
changes, large deletions, and the insertion of IS 
elements. Two insertion sequence elements have 
been identified as causing LPS loss, namely 
ISAba11 and a novel IS4-family element [78, 
79]. Spontaneous LPS-deficient mutants may 
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contribute to the heteroresistance phenotype 
observed for some strains of A. baumannii [78], 
where an apparently colistin-susceptible strain 
(based on MIC) harbours a small population of 
colistin-resistant LPS-deficient cells [80]. 
Heteroresistance in A. baumannii strains has 
been shown to develop into high-level colistin 
resistance under the selective pressure of colistin 
both in vitro [81] and in vivo [82].

Total loss of LPS has been observed in a small 
number of A. baumannii clinical isolates that are 
either colistin-resistant or heteroresistant, but 
recent evidence indicates that the loss of LPS 
results in a more significant decrease in overall 
bacterial fitness than does constitutive activation 
of PEtn addition following pmrAB mutations 
[67]. Indeed, modification of LPS by the addition 
of PEtn (see above) appears to be by far the more 
common mechanism of colistin resistance in A. 
baumannii clinical isolates [62–64].

LPS-deficient A. baumannii cells still elabo-
rate an outer membrane, although, the membrane 
is highly permeable, allowing molecules that 
would typically be excluded to enter the cell [78]. 
Indeed, an LPS-deficient strain of A. baumannii 
displayed increased susceptibility to a variety of 
antibiotics, including cefepime, teicoplanin and 
azithromycin [78]. This increased susceptibility 
is likely due to the relative ease that these antibi-
otics can cross the compromised outer mem-
brane. Thus, effective treatment of polymyxin 
resistant LPS-deficient strains can likely be 
accomplished by using any of a range of second 
antibiotics, including those to which the colistin-
susceptible parent strain may have been resistant. 
LPS-deficient cells also show an increase in sus-
ceptibility to the human antimicrobial peptide 
LL-37 and this is also likely due to increased 
uptake across the outer membrane [83].

It is currently unclear why A. baumannii is 
able to survive without LPS while in most other 
species LPS appears essential for viability. 
Transcriptional analysis of the LPS-deficient lpxA 
mutant shows that A. baumannii responds to LPS 
loss by altering the expression of a large number 
of genes encoding proteins involved lipoprotein 
biosynthesis and transport, phospholipid trans-
port, and production of the surface polysaccharide 

poly-beta-1,6-N-acetylglucosamine; it is likely 
that many of these changes are critical for its sur-
vival in the absence of LPS [84, 85].

5.3	 �Other Mechanisms 
of Polymyxin Resistance

5.3.1	 �Capsule Expression

The capsule of Klebsiella pneumoniae has been 
shown to contribute to polymyxin resistance 
(Fig. 5.1). An acapsular mutant was more suscep-
tible to polymyxin B and displayed increased 
binding of polymyxin B to the bacterial surface 
compared to the capsulated parent [86]. 
Moreover, growth in the presence of polymyxin 
B led to an increase in the transcription of the 
capsule biosynthesis genes and an approximately 
1.5-fold increase in the amount of capsular poly-
saccharide produced. An O-antigen deficient, 
LPS mutant of the same strain also showed 
increased susceptibility to polymyxin 
B.  However, at low levels of polymyxin B, the 
acapsular strain was more susceptible than the 
O-antigen mutant [86]. In other experiments, the 
addition of purified capsular polysaccharide iso-
lated from K. pneumoniae or P. aeruginosa gave 
increased polymyxin resistance to a susceptible 
un-encapsulated K. pneumoniae strain and puri-
fied polysaccharide from either species was 
found to directly bind polymyxins [87]. Taken 
together, these data suggest that the anionic cap-
sular polysaccharide of K. pneumoniae (and per-
haps other species) can bind polymyxins and 
physically interfere with the access of polymyx-
ins to the outer membrane, thus abrogating their 
bactericidal action.

5.3.2	 �Outer Membrane Proteins 
and Efflux Systems

The Neisseria meningitidis Mtr efflux system 
(MrtCDE) is a critical efflux pump that confers a 
high intrinsic resistance to polymyxins (Fig. 5.1) 
[88]. Mutants with transposon insertions in mtrC, 
mtrD and mtrE showed 16-fold increased suscep-
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tibility to polymyxins. Mutation of porB, encod-
ing an outer membrane porin, also increased 
polymyxin susceptibility in this species [88]. 
However, it is unclear whether PorB plays a role 
in active efflux of polymyxins alone or together 
with the Mtr efflux system [88]. In K. pneu-
moniae, inactivation of the KpnGH efflux system 
also resulted in increased susceptibility to poly-
myxin B [89].

In Vibrio cholerae strain O395, mutation of 
the OmpU outer membrane protein increased 
polymyxin B susceptibility by between 100 and 
1000-fold [90]. The exact mechanism by which 
OmpU mediates polymyxin resistance is cur-
rently unclear; it may act directly either as a porin 
or part of an as yet unidentified active efflux sys-
tem. However, OmpU has a known role in the 
regulation of the sigma factor, sigma E, and may 
be part of a sensor system that detects OM stress 
[91]. Thus, the involvement of OmpU in poly-
myxin resistance may be indirect via the appro-
priate activation of other resistance genes 
controlled by sigma E.  An ompU mutant of 
Vibrio splendidus showed only a very low level 
(2-fold) of increased susceptibility to polymyxin 
B [92].

In Yersinia enterocolitica, the RosA/RosB 
efflux pump/potassium antiporter system has 
been identified as having a role in polymyxin 
resistance. A Y. enterocolitica mutant lacking 
functional RosA and RosB proteins was signifi-
cantly more susceptible to polymyxin B; this sen-
sitivity could be rescued by complementation 
with a functional copy of rosA [65]. Moreover, an 
increase in polymyxin susceptibility was 
observed when wild-type and rosB mutant cells 
were treated with the proton motive force uncou-
pler, 2-carbonyl cyanide m-
chlorophenylhydrazone (CCCP). Thus, it is likely 
that RosA plays a role in direct efflux of poly-
myxins from the cytoplasm. It is of interest that 
acidification of the bacterial cytoplasm, either via 
the action of RosA/RosB or by treatment with the 
weak acid sodium acetate, also increased poly-
myxin resistance, although it is unclear whether 
intracellular pH plays a direct or indirect role in 
polymyxin resistance [65]. It should be noted that 
RosA/RosB are involved in the temperature- and 

pH-dependent regulation of O-antigen 
biosynthesis in Y. enterocolitica [93] and muta-
tions affecting LPS core oligosaccharide can alter 
polymyxin resistance [49]. Thus, the role of the 
RosA/B efflux pump/potassium antiporter sys-
tem in polymyxin resistance may be via its role in 
the regulation of LPS biosynthesis.

5.3.3	 �Inactivation of Polymyxins

To date, there is only a single report of a bacterial 
enzyme that can inactivate colistin. The Gram-
positive bacterium Paenibacillus (bacillus) poly-
myxa produces both colistin and a putative serine 
protease, designated colistinase, that appears able 
to degrade colistin via cleavage of the DAB-DAB 
bond at the side chain-cyclic peptide bound-
ary (Fig. 1.6) [94]. Why Pa. polymyxa has evolved 
an apparently secreted enzyme that inactivates 
colistin remains an intriguing question, as this 
organism is a Gram-positive bacterium so lacks 
the LPS that is the primary surface target of colis-
tin. However, recent evidence suggests that poly-
myxins may induce the production of toxic free 
radicals or damage certain intracellular enzymes 
[9, 10]. Therefore, as the bacterium also produces 
colistin, it is possible that the production of colis-
tinase is necessary for survival in the presence of 
polymyxin synthesized by this species. There has 
been no recent work to identify the gene encod-
ing this putative colistinase or to explore its activ-
ity in more detail. It should be noted that colistin 
degradation has never been associated with colis-
tin resistance in other organisms.

5.4	 �Conclusions

Polymyxins are currently crucial last-line treat-
ments for infections caused by multi-drug resis-
tant Gram-negative bacteria. However, as their 
clinical use has increased, so too has the isolation 
of resistant strains. A wide variety of resistance 
mechanisms has been identified, indicating that 
polymyxin resistance has evolved multiple times 
independently. The initial binding target of poly-
myxins is the negatively charged lipid A compo-
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nent of LPS on the Gram-negative bacterial 
surface and the most common resistance mecha-
nisms involve modifications to the LPS that 
reduce the negative charge; these include the 
addition of L-Ara4N, PEtn and galactosamine. 
Other resistance mechanisms include the produc-
tion of capsular polysaccharides, expression of 
efflux systems, and even the complete loss of 
LPS production. It is likely that future work will 
define new mechanisms of resistance and eluci-
date more precisely how expression of the adap-
tive mechanisms is regulated. As the genetics 
involved in many of these resistance mechanisms 
is now well established, it is feasible that specific 
molecular diagnostic approaches could be used 
to rapidly identify polymyxin resistance strains 
and their resistance mechanisms in clinical set-
tings. Furthermore, it is hoped that a detailed 
understanding of these resistance mechanisms, 
and how certain mechanisms are favoured under 
particular conditions, will allow the optimization 
of polymyxin treatment regimens to reduce resis-
tance development. Such optimization may pro-
long the useful lifespan of polymyxins as last-line 
treatment agents.
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Bioanalysis and Stability 
of Polymyxins

Robert W. Milne

Abstract
Clinical use of the polymyxin antibiotics 
began approximately 10 years after their dis-
covery in the late 1940s. Their concentrations 
in biological fluids were measured using 
microbiological methods. These methods 
were reasonably accurate for measuring the 
active polymyxin base, such as polymyxin B 
and colistin (polymyxin E), but were used 
inappropriately for measuring the concentra-
tions of “colistin” in humans or animals fol-
lowing the administration of colistimethate, 
also known as colistin methanesulphonate 
(CMS). The use of polymyxins for systemic 
infections waned in the 1970s because of their 
toxicity and the preference for other antibiot-
ics, but their value for treating infections 
caused by several important Gram-negative 
pathogens becoming resistant to other antibi-
otics was realized in the mid-1990s. The lack 
of adequate pharmacokinetic and pharmaco-
dynamic knowledge spurred the development 
of methods more specific for measuring poly-
myxin B and colistin after their administra-
tions as sulphate salts, and of colistin and 
CMS after the administration of CMS sodium. 
These methods have been based on high-
performance liquid chromatography, detec-

tion and quantification of fluorescent 
derivatives of the polymyxin bases, or of the 
bases themselves with detection and quantifi-
cation by mass spectrometry.

Keywords
Colistin · Colistimethate · Polymyxin B · 
Quantitative assays · Biological matrices · 
Nonspecific binding · Stability

6.1	 �Introduction

The two polymyxins used in clinical practice are 
colistin (polymyxin E) and polymyxin B. Their 
historical use, chemistry and antimicrobial activ-
ity have been reviewed in Chap. 3. Briefly, the 
two polymyxin bases are used as a mixture pri-
marily of colistin A and B (or polymyxin E1 and 
E2) or as a mixture primarily of polymyxin B1 
and B2. The two polymyxin forms denoted as 1 
and 2 differ only in their alkanoic acid moiety by 
a methylene group. Colistin and polymyxin B 
differ by only one amino acid in the cyclic pep-
tide; colistin contains D-Leu while polymyxin B 
contains D-Phe.

Colistin for parenteral use has been adminis-
tered most commonly as its methanesulphonate 
derivative. This is formed by derivatizing the five 
available amino groups of the L-diaminobutyric 
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acid moieties with methanesulphonic acid. 
Therapeutic use commenced in the mid-1950s as 
the sulphate salts of the bases, and as the sodium 
salt of the methanesulphonate of colistin (CMS 
or colistin methanesulphonate; also known as 
colistimethate) for systemic administration in the 
United States in the 1960s. When administered, 
CMS may not be fully derivatized with methane-
sulphonate; it may be present in a dosage form as 
a mix of full and partial derivatives. Likewise, as 
will become apparent from the chapters covering 
pharmacokinetics and pharmacodynamics, there 
will be a complex mix of full and partial deriva-
tives in samples of biological fluids or other 
aqueous media from experiments evaluating the 
fate or antimicrobial effectiveness of CMS in 
vivo or in vitro. This is because of a gradual loss 
of the methanesulphonate groups over time. 
Measuring the individual derivatives in such flu-
ids or media has not been achieved. Doing so 
would be extremely complex, and of question-
able value, given that colistin alone is deemed to 
possess antimicrobial activity [1]. Therefore, a 
more recent approach has been to perform two 
measurements on a sample [2, 3]. Firstly, the 
concentration of “total colistin” is measured, it 
being the sum of all methanesulphonate deriva-
tives converted to colistin during processing of a 
sample plus pre-existing colistin in the sample; 
and, secondly, a measure of the concentration of 
colistin. When measuring the latter, one should 
be mindful of the instability of the methanesul-
phonate derivatives, ensuring appropriate storage 
and processing of samples under conditions 
which minimize conversion of any derivatives to 
colistin [1, 4]. Therefore, researchers should 
assure themselves that there is no conversion of 
methanesulphonate derivatives to colistin once a 
sample has been collected; for example, while 
separating plasma from a sample of blood, while 
stored pending analysis, after thawing, during 
repeated thawing and freezing, during processing 
and while awaiting chromatographic analysis. 
The difference between the two concentrations 
represents the concentration of all methanesul-
phonate derivatives (designated as CMS) in the 
sample. In addition, polymyxins are highly sur-
face active, and their adsorption from aqueous 

solutions onto the surfaces of apparatus used dur-
ing collection and processing of samples may 
have an impact on recovery and sensitivity. 
Generally, this has been minimized by including 
a cosolvent in stock solutions and either a cosol-
vent, protein (such as drug-free human plasma) 
or surfactant is added during the processing of 
samples of urine or bacterial broth [4–6].

This chapter will review the range of methods 
that have been used for measuring the concentra-
tions of polymyxins in different biological fluids, 
and will do so in a chronological order that 
reflects the gradual advances in techniques that 
have enabled improvements in sensitivity and, 
more importantly, in specificity and the ease with 
which they are performed. It will describe meth-
ods used for pretreatment of samples, including 
the important issues raised above regarding sta-
bility and adsorption to surfaces, along with the 
methods for quantifying the concentration of 
polymyxin in the sample.

6.2	 �Microbiological Methods

The first method reported for measuring poly-
myxins in biological fluids appears to have 
been a microbiological assay for polymyxin 
(identified later as polymyxin D; [7]) in blood 
and urine based on its activity towards Brucella 
bronchiseptica. There was no apparent inter-
ference from other components of blood from 
the mouse, dog and human, and the lowest con-
centration on the calibration curve using 
0.02  mL of blood was 0.25  mg/L [8, 9]. The 
author described measurement of the concen-
trations of polymyxin in pooled samples of 
blood after a single dose of polymyxin hydro-
chloride to mice (1  mg/kg, s.c.) and a dog 
(5 mg/kg, i.v.). Replicate analyses of a sample 
from the dog [8] produced coefficients of vari-
ation ranging from 7% to 12% (no concentra-
tion was provided). While the method 
potentially lacks specificity in the presence of 
other antimicrobial agents co-administered 
during in vivo studies, be they in animals or 
humans, it is a measure of antimicrobially-
active polymyxin in a biological fluid such as 

R. W. Milne



75

blood to a level of sensitivity comparable to 
that achieved with HPLC of fluorescent deriva-
tives of colistin (vide infra).

The limitations of nephro- and neuro-toxicity 
during clinical use in the early 1970s and prior 
led to an investigation of the binding of polymyx-
ins to tissues following the systemic administra-
tion of polymyxin B and CMS to rabbits [10]. 
Concentrations were measured via their inhibi-
tion of B. bronchiseptica using the respective 
compounds as calibration standards. While the 
measurements for polymyxin B are likely to be 
reasonable estimates of its concentrations, those 
for “CMS” will be complicated by the issues of 
instability mentioned above and discussed subse-
quently in this chapter.

Later work described use of the same bacterial 
test organism to measure polymyxin B in bovine 
fluids and tissues [11, 12] following parenteral 
administration of polymyxin B sulphate. Two 
years previous, this group published values for 
the concentrations of polymyxin B, colistin and 
CMS in serum from calves administered daily 
doses of polymyxin B sulphate, colistin sulphate, 
or CMS, respectively, via the intramuscular route 
for three successive days [13]. The microbiologi-
cal assay used by this group reported similar val-
ues of maximal serum concentration (Cmax) and 
terminal half-life for polymyxin and colistin. 
However, greater and lesser values, respectively, 
were obtained for “CMS” after the administra-
tion of CMS.  As will become apparent from 
Chap. 7 describing the pharmacokinetics of colis-
tin in rats administered colistin sulphate and of 
colistin and CMS after dosing with CMS, the val-
ues for “CMS” after administration of CMS are 
likely to be composites derived from measuring a 
mix of colistin and CMS in ratios that change 
over time from the dose; an observation possible 
only when concentrations in plasma are mea-
sured more specifically by chromatographic 
methods (vide infra).

Even more recently, a microbiological method 
was described for measuring CMS in serum (and 
urine) from humans, seemingly with the inten-
tion of correlating levels of CMS in blood with 
toxicity; the method was advocated because it 
avoided more complex and instrumentally-

demanding methods based on liquid chromatog-
raphy [14]. This method, along with the other 
microbiological methods discussed above for 
measuring “CMS”, measures antimicrobial activ-
ity that can only be attributed to colistin (assum-
ing there are no other antimicrobially-active 
interferences). However, there are important 
issues that should be appreciated: (1) activity was 
relative to calibration standards prepared using 
CMS, which has minimal if any inherent antimi-
crobial activity [15]; (2) it is likely that CMS 
would degrade during the assay to antimicrobially-
active colistin via partially sulphomethylated 
intermediates [15, 16], and the relative propor-
tions of sulphomethylated colistin to colistin in 
the calibration standards exposed to the test 
organism during the assay may be quite different 
from those in the biological samples. Another 
report described the pharmacokinetics of “colis-
tin” in a patient using concentrations measured in 
serum against Acinetobacter baumannii [17]. 
Further reports have appeared describing micro-
biological methods for measuring “colistin” fol-
lowing the administration of CMS to a patient 
[18] and in a study of the pharmacokinetics and 
dynamics of CMS in a pneumonia model with 
mice [19]; the same limitations apply to these 
reports. An extensive pharmacokinetic/pharma-
codynamic study in mice used a microbiological 
method to measure “colistin” in plasma from 
neutropenic mice administered “colistin”, but it 
was not clear whether the sulphate salt or CMS 
was administered and measured [20].

Nevertheless, microbiological assays for poly-
myxins are legitimate for any analysis of expo-
sure when the polymyxin itself (as a salt of the 
base) rather than any prodrug (such as CMS) is 
being administered and the polymyxin is being 
used as a reference for the preparation of calibra-
tion standards and quality controls. Published 
examples since 2000 include assessment of the 
exposure to colistin after administration of colis-
tin sulphate to piglets [21], and to polymyxin B 
following its intravenous administration (pre-
sumably as the sulphate) to a young male [22]. 
The former reported a “detection” range from 
0.005 to 3 mg/L [21] and, while the lower value 
in this range compares favourably with limits of 
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quantification achieved using chromatographic 
methods (vide infra), no validation was provided 
for a limit of quantification. Also, no details were 
provided by the latter report [22]. The majority of 
methods beyond 2000 have employed chromato-
graphic separation and quantification of fluores-
cent derivatives or chromatography with 
quantification by mass spectrometry.

The clinical use of colistin, as CMS, began to 
increase in the mid-1990s in response to an 
increasing incidence of infections in patients 
with cystic fibrosis caused by bacteria resistant to 
the usually available antibiotics. The authors of 
one important study at this time concluded that 
intravenous colistin (as CMS) may be valuable 
therapy for acute respiratory exacerbations and 
that the risks of renal toxicity could be minimized 
with careful monitoring [23]. This group mea-
sured the concentrations of “colistin” in blood at 
steady-state by microbiological assay. The 
increased use of CMS in response to this and 
other reports of its use occurred at a time when it 
was recognized that previous systemic doses may 
have been excessive. However, the increase was 
at a time when there was very little information 
available on its pharmacokinetics and pharmaco-
dynamics that might guide the selection of appro-
priate doses [24].

6.3	 �Chromatographic Methods

Given the limitations of microbiological methods 
for measuring “CMS” and “colistin” in plasma 
after the administration of CMS, reports began to 
appear of chromatographic methods being devel-
oped that were selective for colistin and CMS 
(the latter including partially sulphomethylated 
forms of colistin), with detection appropriate for 
the required levels of quantification of both these 
and polymyxin B. These methods have now been 
established as the most suitable for measuring the 
concentrations of polymyxin B and colistin in 
biological fluids following administration of their 
sulphate salts to animals or humans, or of colistin 
and CMS after administration of the sodium salt 
of CMS. The required levels of sensitivity have 

been achieved by detecting and quantifying fluo-
rescent derivatives of the polymyxin base or by 
using mass spectrometry; fluorescent derivatives 
because of a lack of native ultraviolet absorbance 
sufficient for quantifying clinically relevant con-
centrations. The concentration of CMS in a sam-
ple is determined after hydrolysis of CMS to 
colistin and quantification of the latter as “total 
colistin” (from CMS and pre-existing colistin) 
and, after accounting for differences in molecular 
weight, subtracting values for the concentration 
of colistin measured separately from the “total”. 
When measuring the colistin alone, one must be 
careful to minimize hydrolysis of CMS.

Le Brun was one of the first to report a liquid 
chromatographic method for measuring “colis-
tin” in biological fluids from humans; serum, 
urine and sputum [25]. They adapted a method 
described 3 years previously for measuring resid-
ual colistin in bovine tissues [26]. The latter 
researchers formed a fluorescent derivative (λEx 
340  nm, λEm 440  nm) from reaction of the pri-
mary amines of colistin with o-phthalaldehyde. 
They were measuring colistin in farmed animals 
most likely exposed to colistin salts, using colis-
tin sulphate and the summed responses from 
colistin A and B as a reference. However, Le 
Brun et al. used the method to measure “colistin” 
in patients who had inhaled CMS, seemingly 
using CMS as a calibration reference. This group 
mixed serum or sputum with methanol/trichloro-
acetic acid to precipitate protein, followed by 
reaction with o-phthalaldehyde and chromato-
graphic analysis. They did not assess whether 
processing of samples with such an acidic mix 
may have facilitated partial or complete conver-
sion of CMS to colistin, but later work (vide 
infra) indicated that complete conversion is 
unlikely [3]. The risk of conversion in vitro of 
methanesulphonate derivatives to colistin during 
processing of samples containing CMS and colis-
tin will apply to any method [27] that purports to 
measure the concentrations of “colistin” in sam-
ples from humans or animals administered 
CMS. There is no problem when the biological 
samples being measured are from subjects (be 
they animals or humans) administered colistin 
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sulphate or polymyxin B sulphate and calibration 
standards are prepared using those same sub-
stances as reference standards. For example, the 
formation of a derivative with o-phthalaldehyde 
was used to measure colistin in plasma (0.5 mL) 
and in the gastrointestinal contents (1.0  g sam-
ples extending from the duodenum to ileum) of 
pigs following the oral administration of colistin 
sulphate [28]. Samples were treated with trichlo-
roacetic acid to precipitate protein prior to solid-
phase extraction and formation of the derivative. 
The limit of quantification was 0.25  mg/L and 
0.50 mg/kg, respectively.

The formation of other fluorescent derivatives 
for the chromatographic quantification of colistin 
in biological fluids has been published. Colistin 
A (polymyxin E1) was extracted from plasma of 
the rat and dog using a 96-well C8 disk extraction 
plate prior to reacting it with dansyl chloride. The 
product was described as a penta-dansyl deriva-
tive (λEx 344  nm, λEm 518  nm) that was “con-
firmed” with mass spectrometry [29], but the 
conditions for formation of the confirmed prod-
uct were not identical to those for its formation 
during preparation of the biological samples for 
chromatography. The investigators intended 
using the method as part of the development of a 
single component of colistin (colistin A) as a 
potential therapeutic agent, and used colistin A to 

prepare calibration standards. The limit of quan-
tification (in 0.2 mL plasma) was 0.05 mg/L.

In seeking to gain a better understanding of the 
pharmacokinetics and pharmacodynamics of 
colistin and CMS, separate and more specific 
methods were developed for measuring colistin in 
plasma from rats after the administration of colis-
tin sulphate, and for measuring colistin and CMS 
after the administration of CMS [2, 3]. The meth-
ods relied on forming a fluorescent derivative 
from reaction of the amine of the L-diaminobutyric 
acid residues of colistin with 9-fluorenylmethyl 
chloroformate (FMOC). After adding trichloro-
acetic acid/methanol to samples of plasma, colis-
tin in the supernatant was retained under basic 
conditions on a C18 solid-phase extraction car-
tridge. Extraneous substances were eluted and the 
reaction initiated by adding a small volume of a 
concentrated solution of FMOC into the cartridge. 
The derivatives of colistins A and B were eluted, 
chromatographed on a C18 analytical column, and 
detected and quantified from their fluorescence at 
315 nm following excitation at 260 nm (Fig. 6.1).

Concentrations were calculated from a cali-
bration curve of the ratio of the summed areas of 
the two chromatographic peaks for colistins A 
and B to an internal standard against the concen-
tration of colistin sulphate. In samples spiked 
freshly with a “high” concentration of CMS 
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Fig. 6.1  Typical chromatograms obtained from fluores-
cence detection for drug-free human plasma (left) and 
drug-free plasma spiked with colistin  sulphate (1 mg/L) 

(right). The fluorescent derivative of colistin A was eluted 
at about 26.5 min, of colistin B at about 22 min and of 
netilmicin, the internal standard, at about 18.5 min. [2]
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(10 mg/L), there was no quantifiable conversion 
of CMS to colistin when measured for colistin 
only [3]. A separate sample was treated with sul-
phuric acid to convert CMS and partial methane-
sulphonate derivatives formed in vivo to colistin, 
and then added to a cartridge for derivatizing 
with FMOC.  The limit of quantification for 
colistin in plasma was 0.10  mg/L (from a 
0.25 mL volume of sample) and for CMS it was 
0.20  mg/L (0.15  mL) [30]. The two methods 
were developed for measuring both substances 
after administering CMS to rats (Fig. 6.2) [31] 
and to patients with cystic fibrosis [30]. Since 
then, they have been adapted/modified over the 
subsequent decade for measuring both sub-
stances in a more recent study of patients with 
cystic fibrosis [32], and after administering CMS 
to patients receiving continuous ambulatory 
peritoneal dialysis [33], and to critically-ill 
patients [34]; for studies with mice [35]; for 
measuring colistin and CMS in bronchoalveolar 
lavage fluid from rats after intratracheal admin-
istration of CMS [36], and for measuring both 
substances after administering four different 
brands of CMS to rats [37]. The method for 
colistin alone has been used also for measuring 
colistin in broth culture after adding colistin sul-
phate [38]; colistin in mouse brain after adminis-
tration of colistin sulphate [39, 40]; and, for 
measuring colistin in plasma, urine and kidney 

tissue from rats administered colistin sulphate 
[41, 42]. Minor modifications to the volume of 
sample used, and the chromatographic mobile 
phase, and a change from trichloroacetic acid/
methanol to acetonitrile for precipitating protein, 
have been made since initial publication of the 
two methods. Concentrations of CMS in plasma 
after administration of CMS in vivo (or in other 
media during experiments conducted, for exam-
ple, with CMS in vitro) were calculated from the 
difference between “total colistin” (i.e. colistin 
plus methanesulphonate derivatives converted to 
colistin during incubation with sulphuric acid 
[3]), and colistin measured separately [2].

Later, the method for colistin [2] was applied 
to measuring the concentrations of polymyxin B 
in plasma from humans administered polymyxin 
B sulphate [43] and of a congener of polymyxin 
B, NAB 7061 (one of the amino acids in poly-
myxin B replaced with another) in plasma and 
urine of rats [44]. The limit of quantification was 
0.125 mg/L with 0.10 mL of plasma; identical to 
the original method [2]. The method was applied 
subsequently for measuring polymyxin B in criti-
cally ill patients administered intravenous poly-
myxin B sulphate [45–47], some of whom were 
receiving continuous renal replacement or 
intermittent haemodialysis.

Subsequent reports from other research groups 
have applied the two methods [2, 3], with or 
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without slight modifications, for measuring colis-
tin in serum after the intravenous administration 
of CMS to critically ill patients [48]; colistin in 
serum and cerebrospinal fluid after the adminis-
tration of CMS [49, 50]; colistin in plasma and 
bronchoalveolar lavage fluid from humans after 
administration of CMS [51, 52]; colistin in 
plasma and tissues (liver, muscle and kidney) 
from ducks administered colistin sulphate intra-
muscularly or in their feed [53]; and, colistin in 
plasma from pigs administered colistin sulphate 
[54].

A subsequent pharmacokinetic study applied 
the method above [2] to examine the pharmaco-
kinetics of “colistin” in humans after inhalation 
of CMS [55]. These investigators claimed to have 
measured colistin A (polymyxin E1) but it was 
not clear which substance had indeed been used 
for preparation of the calibration standards: colis-
tin A, colistin sulphate, or CMS. From chromato-
graphic analysis of the calibration standards, only 
the peak for colistin A was used to construct a 
calibration curve. The sulphate salts of colistins 
A and B account for more than 85% of colistin 
sulphate and the ratios of the two can differ con-
siderably between batches of the raw material 
[26] and, hence, between batches of CMS manu-
factured from colistin. It is important to include 
the peak responses for colistins A and B when 
constructing a calibration curve, plus the 
responses from the two species in biological flu-
ids following administration of CMS. The ratios 
of the two components can be established by 
direct chromatographic analysis of the raw mate-
rial, and quantified by either UV absorption [2] 
or mass spectrometry [4]. The validity of these 
two methods for assessing relative content of the 
components has been confirmed by their quantifi-
cation in chromatographic eluate using evapora-
tive light scattering [56].

Greater access to mass spectrometry for detec-
tion and quantification has produced a number of 
reports of well-described methods for measuring 
CMS and colistin after a dose of CMS, of colistin 
after colistin sulphate, and of polymyxin B after 
dosing with polymyxin B sulphate.

A method developed for measuring colistin in 
perfusate and urine collected from experiments 
examining the fate of colistin in the isolated per-
fused rat kidney also described measuring the 
substance in human plasma and urine [57]. Protein 
precipitation was achieved by mixing the samples 
(0.2 mL) with trichloroacetic acid/methanol fol-
lowed by further clean-up using solid-phase 
extraction, with a portion of the eluate subjected 
to LC-MS/MS. Extraction was deemed necessary 
to maintain sufficient and consistent sensitivity. 
Summed intensities of the product ions from the 
two transitions each for colistin A and colistin B 
relative to an internal standard, polymyxin B1, 
were used to construct calibration curves. Prior to 
this, the proportions of colistin A and B in the ref-
erence material were established. Limits of quan-
tification were 0.028–0.056  mg/L for colistin A 
and 0.016–0.032 for colistin B, depending on the 
biological fluid. Interestingly, this level of sensi-
tivity was not able to be achieved when similar 
methods were used for preparing samples of 
bovine milk and tissue [58] for chromatography, 
despite the larger sample sizes and a more sensi-
tive model of mass spectrometer. It is likely that 
the lower limits claimed by Ma et al. [57] could be 
extended with a more sensitive mass spectrome-
ter. The method [57] is suitable for measuring 
colistin after the administration of colistin sul-
phate and could also be adapted for measuring 
polymyxin after polymyxin sulphate. However, 
the authors did not establish its suitability for 
measuring colistin in the presence of CMS.

A well-described method for measuring colis-
tin A and B plus the concentrations of their 
respective methanesulphonate prodrugs in human 
plasma (0.10 mL) used only one step, precipita-
tion of protein with 0.1% trifluoroacetic acid in 
acetonitrile, prior to chromatography connected 
to tandem mass spectrometry [5]. It described 
chilling of collected blood, separating plasma 
from red blood cells soon afterwards, thawing of 
previously frozen and stored samples of plasma 
in an ice bath, rapid processing of them in small 
batches, and storage of the supernatant at 4  °C 
prior to chromatography. The limits of quantifi-
cation for colistin A and B were 0.019 and 
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0.010 mg/L, respectively.. The concentrations of 
CMS were calculated by difference [2, 3]. 
Unfortunately, the authors did not present data 
that validated their method for measuring CMS 
[5]. The method has been used by these Swedish 
and Greek collaborators for measuring colistin 
and CMS in a number of studies with intensive 
care patients administered CMS [59–61]. The 
precautions they describe in the preparation of 
samples, or variations of them, are not exclusive 
to these reports, but are necessary to minimize 
conversion of methanesulphonate derivatives to 
colistin when measuring colistin alone (see fur-
ther discussion on stability below). In some 
instances, while the procedures described would 
appear to minimize conversion, it has not always 
been proven unequivocally [62].

Likewise, three subsequent methods based on 
liquid chromatography-mass spectrometry 
achieved comparable limits of quantification 
with the same (0.1  mL) [56, 63] or double the 
volume of plasma [64], but they also lack data 
validating the methods for measuring CMS in 
spiked samples of plasma. Data were provided 
with respect to the stability of colistin in plasma 
kept at room temperature for up to 12 h [63], but 
none could be identified that demonstrated lack 
of conversion of CMS to colistin during process-
ing of samples. The first and third methods [56, 
64] improved efficiency and accuracy by auto-
mated processing; samples of plasma thawed to 
4 °C for measuring colistin were added directly 
into 96-well solid-phase extraction plates. With 
this procedure, it is quite likely that there was 
minimal conversion of CMS to colistin during 
processing of the samples, but no data in either 
publication [56, 64] could be identified to con-
firm this.

A method for measuring polymyxin B1 and 
B2 and colistin A and B (as well as vancomycin) 
in 0.5  mL of plasma from humans claimed an 
advantage of not requiring “a long and expensive 
procedure of SPE” (solid-phase extraction). 
However, while the authors [65] used polymyxin 
B sulphate as a reference for preparing calibra-
tion standards of polymyxin B1 and B2, they 
appear to have used colistin methanesulphonate 
(incorrectly) as reference standards for poly-

myxin E1 and E2. In contrast, another method 
published in the same year is comprehensive [4]. 
It describes limits of quantification similar to 
those described previously for colistin A and B 
[5], albeit using 2.5-times the volume of plasma, 
but also provides validated limits for CMS A 
(0.029  mg/L) and B (0.01  mg/L). The method 
described the processing of calibration standards 
and quality controls containing CMS in plasma 
by solid-phase extraction after conversion of the 
prodrug to colistin with sulphuric acid [3]. For 
measuring colistin alone in samples from patients 
administered CMS, conversion of CMS to colis-
tin was minimized by processing previously fro-
zen samples within 1  h of being thawed and 
simply diluting them with water prior to solid-
phase extraction, rather than adding acetonitrile/
acid to precipitate protein prior to extraction [5]. 
Figure  6.3 demonstrates application of the 
method for measuring concentrations of CMS 
and colistin in a subject administered CMS [4].

The method was also applied to measuring 
colistin and CMS in human urine; 0.2  mL of 
urine was mixed with half its volume of drug-free 
plasma “to avoid the loss of colistin by adsorp-
tion” to the 5 mL polypropylene tubes used [4]. 
This procedure was also found necessary by oth-
ers for urine [64] and haemodiafiltrate [62], 
although one other group overcame the loss of 
polymyxin B by adding 0.5% of 
3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulphonate (CHAPS; a surfactant) to 
the sample after collection [6]. A shorter chro-
matographic time than described in a previous 
method [5] allowed the processing of larger batch 
sizes of samples for storage at 4 °C in an autos-
ampler prior to analysis by liquid chromatography-
mass spectrometry [4].

In 2015, a further improvement on this method 
was achieved with the same solid-phase extrac-
tion material but with a 96-well system and, more 
importantly, a chromatographic column contain-
ing an ethylene-bridged hybrid material with 
bound amide functional groups [66]. It is appar-
ent from a visual comparison of chromatograms 
[4, 66] that the improved chromatographic 
efficiency provided a greater sensitivity and 
slightly lower limits of quantification; meanwhile 
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using a slightly lesser volume of sample than the 
earlier method (plasma of 0.18  mL [66] rather 
than 0.25  mL [4]). However, the method also 
lacks data validating the measurement of CMS in 
plasma.

This was followed a year later by a method for 
measuring polymyxins B1, B2 and B1–1 (an iso-
mer of B1) in human plasma and urine (described 
for measuring this group of polymyxins in the 
latter medium for the first time) [6]. The poly-
myxins were extracted in an automated manner 
from plasma using reversed-phase C8 HLB sor-
bent and from urine (to which surfactant had 
been added, vide supra) with a reversed-phase/
weak cation-exchange sorbent (both Oasis®, 
from Waters). These authors achieved limits for 
the quantification of all three polymyxins in 
plasma (0.1  mL) and urine (0.2  mL) of 
0.005 mg/L. They are superior to values reported 
by Thomas et al. [67] of 0.1 mg/L for polymyxins 
B1 and B2 using 0.25 mL of plasma although, as 
the authors rightly state, inspection of their chro-
matograms would suggest an order of magnitude 
lower could be achievable. Interestingly, the for-
mer authors’ measurements of the three poly-

myxins in plasma and urine, albeit in only one 
subject, suggests differences in renal clearance 
between them [6].

Other methods based on liquid chromatogra-
phy – mass spectrometry suffer from descriptions 
that are not clear or are incomplete. It is difficult 
sometimes to ascertain limits of quantification, 
volumes of sample used, and whether conversion 
of CMS to colistin in samples has been mini-
mized and/or evaluated after collection of the 
samples and during their processing for quantify-
ing colistin in studies where CMS has been 
administered.

For example, an appreciation of the sensitivity 
of the method for polymyxin B is difficult to 
ascertain because the volume of sample, detail of 
the method and quantifiable limits were not pro-
vided [68]; a limit of 0.25 mg/L can be construed 
from data for intra-/inter-day variations (CVs) of 
less than 8% for concentrations spanning the cal-
ibration range of 0.25–10.0  mg/L.  Members of 
the same group subsequently described use of the 
same method for examining the pharmacokinet-
ics of polymyxin B1, isoleucine-polymyxin B1 
and summed polymyxins B2 and B3 (the two 

Fig. 6.3  Concentrations 
of colistins A and B (as 
the free base) and CMSs 
A and B (as CMS 
without the sodium ion) 
in plasma versus time 
from a human volunteer 
administered a single 
intravenous infusion of 
80 mg CMS (Colimycin 
for injection, Sanofi-
Aventis). From Gobin 
et al. [4]
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were not resolved chromatographically and the 
concentrations of B3 considered negligible in 
most samples) and their concentrations in renal 
tissue and urine after a single intravenous dose of 
polymyxin B sulphate to rats [69]. This was fol-
lowed by another report of a study examining the 
pharmacokinetics and efficacy of polymyxin B 
sulphate after it had been encapsulated into a 
liposomal delivery system and administered 
intravenously to mice [70]. The concentrations of 
the four components of polymyxin B in 0.20 mL 
of serum and epithelial lining fluid were deter-
mined using UPLC-MS/MS. Trichloroacetic acid 
in an organic solvent was added to precipitate 
proteins, and the dried extract from the superna-
tant following centrifugation reconstituted in 
mobile phase (formic acid, acetonitrile and water) 
for chromatography. The authors had separated 
and purified the four components previously 
using preparative liquid chromatography [71], 
and confirmed their identity with mass spectrom-
etry. It is assumed, therefore, that calibration 
curves for calculating their individual concentra-
tions in the two fluids [72] were prepared using 
the purified components. The initial work from 
data on reproducibility for the calibration stan-
dards suggests a limit of quantification of 
0.25 mg/L from an unknown volume of sample 
[68]; the final publication reports a limit of 
0.006 mg/L for all four polymyxin B compounds 
(B1, isoleu-B1, B2 and B3) with 0.2 mL of serum 
or epithelial fluid [70].

6.4	 �Stability of CMS and Colistin

As noted previously, CMS is converted to colistin 
in vivo after the administration of CMS. The con-
version occurs also in vitro in biological samples 
collected from studies where CMS has been 
administered (e.g. a pharmacokinetic study) and 
in studies assessing antimicrobial activity with 
CMS. Apparent from Fig. 6.2 are the consider-
ably higher concentrations of CMS compared to 
colistin in plasma from a pharmacokinetic study 
in rats after an intravenous dose of CMS [31], 

and the higher concentrations also in humans [4, 
30, 34, 59, 61], especially during the first 4 h after 
a dose of CMS (Fig. 6.3). Therefore, it is critical 
for ensuring accurate measurement of the con-
centrations of colistin in such studies that there is 
minimal conversion of CMS to colistin in the 
time between collection of the sample and mea-
suring colistin.

The method for measuring colistin in plasma 
[2] was used for an extensive assessment of its 
stability when stored in a range of aqueous media 
(water, plasma and isotonic phosphate buffer, 
0.067  mol/L, pH  7.4) and its formation from 
CMS stored separately in identical media plus 
Meuller-Hinton broth. The presence of CMS 
remaining in water was also examined qualita-
tively using strong anion exchange chromatogra-
phy [16]. The levels of colistin A and B in water 
remained unchanged after storage at 4  °C for 
60 days and at 37 °C for 120 h. When stored in 
the buffer (approximately 1.5 pH units higher 
than the solution of colistin sulphate in water) 
and human plasma at 37  °C, its stability was 
reduced markedly; more so in plasma than in the 
buffer. After incubation of CMS in water for 12 h 
at this temperature, there were clear qualitative 
changes in the chromatogram for CMS, suggest-
ing partial conversion to products derivatized to a 
lesser degree with methanesulphonate. Between 
10% and 15% of CMS in buffer and plasma had 
degraded to colistin within 2 h, irrespective of the 
source of CMS raw material. Interestingly, later 
work found that the stability of CMS was greater 
at a higher concentration in plasma (30 mg/L vs 
2  mg/L); an observation made also in aqueous 
solutions of CMS for administration to patients 
[73]. It was attributed to the formation of micelles 
by CMS, which protected the prodrug from con-
version to colistin [74].

Colistin was reported to be stable in plasma 
stored at −20 °C and −80 °C for up to 2 months 
[4]. No data was provided but, from the limits of 
quantification for CMS and data for the storage 
of plasma spiked with CMS under the same con-
ditions and period, it can be estimated that there 
was no more than 1% conversion to colistin. This 
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supports previous data [1]: CMS and colistin in 
plasma stored at −80 °C were stable for 4 months 
and 6–8  months, respectively. The “loss by 
adsorption”, alluded to above and previously [5], 
was reported later [75] to be significant when 
dilutions of stock solutions of colistin were made 
using test-tubes made of soda lime glass, polysty-
rene and polypropylene. The least degree of loss 
was from low protein-binding microtubes. 
Although no quantitative data could be located in 
support, the usual procedure for minimizing 
adsorption is to add human plasma to those sam-
ples lacking protein prior to processing them for 
chromatographic analysis [4, 5]. Alternatively, it 
is evident from a more recent publication that the 
addition of a surfactant to urine after collection 
achieves almost 100% recovery of polymyxins 
B1, B1–1 and B2 [6].

These observations highlight the need for 
careful handling of biological samples collected 
from, for example, studies examining the phar-
macokinetics of CMS and colistin after the 
administration of CMS.  It is proposed that any 
method to be used for such studies should have 
conducted experiments to validate the handling 
of samples after collection, their storage, and 
their handling during processing of samples prior 
to forming a fluorescent derivative for chroma-
tography or during processing prior to direct 
chromatographic analysis with mass spectromet-
ric detection.

6.5	 �Conclusions

In summary, there have been three predominant 
approaches for measuring the concentrations of 
colistin and polymyxin B, and the prodrug of 
colistin (CMS), in biological fluids: microbio-
logical assay, liquid chromatography with detec-
tion and quantification of fluorescent derivatives, 
and liquid chromatography with detection and 
quantification by mass spectrometry. The second 
and third approaches have facilitated rapid 
advances in understanding the preclinical and 

clinical pharmacology of polymyxins (and their 
relevant prodrugs) over the last 15  years. They 
are capable of achieving the sensitivity required 
to measure concentrations in samples from clini-
cal and pharmacokinetic studies in humans, and 
pharmacokinetic and pharmacodynamic studies 
in animals, and some of the methods using these 
approaches have been well validated. Of the 
three, the most appropriate and convenient for the 
majority of research laboratories would be liquid 
chromatography in combination with triple quad-
rupole mass spectrometry; even a single quadru-
pole may be sufficient [76] and could be adapted 
for clinical samples. The processing of samples is 
generally relatively simple, but one must ensure 
that there is insignificant conversion of CMS to 
colistin when quantifying the latter in samples 
where CMS is present also. The only limitation is 
access to a mass spectrometer. The formation of 
fluorescent derivatives has sufficient sensitivity 
but does require the additional step of forming 
the derivative during processing of the samples. 
These two approaches are designed to quantify 
the polymyxin base. If samples are from subjects 
or animals administered CMS, the concentrations 
of the base are determined before and after forced 
conversion of the prodrug to the base. From these 
separate determinations, the concentration of 
prodrug in biological fluid can be calculated. 
Microbiological methods have, in general, suf-
fered from insufficient validation. Potentially, 
such methods possess sufficient sensitivity for 
measuring the concentrations of polymyxin B 
after therapeutic doses (and of colistin after 
administering colistin sulphate; available in 
China), but they are time-consuming. Often, they 
are described as being used to measure “colistin” 
in studies where CMS is investigated without 
taking any account of the presence of its prodrug, 
the lack of antimicrobial activity of that prodrug, 
and its potential conversion to colistin in both the 
samples and calibration standards to differing 
degrees during incubation. Some 
chromatography-based methods also suffer from 
this shortcoming.
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Abstract
All of the small number of studies conducted 
during the second half of last century to inves-
tigate the pharmacokinetics of polymyxins in 
animals used microbiological methods to 
quantify the compounds in biological fluids. 
Those methods generally lacked the accuracy 
and precision required for such investigations 
and, in the case of studies involving adminis-
tration of colistin methanesulfonate (CMS), 
ongoing conversion to colistin during micro-
biological incubation of collected samples 
artifactually elevated the measured concentra-
tion of colistin. The pharmacokinetic studies 
reviewed in this chapter involved use of more 
accurate, precise and specific methods for the 
measurement of the relevant compounds in 
biological matrices. The studies have been 
conducted in a number of pre-clinical animal 
species following administration via various 
routes (e.g. intravenous, intrapulmonary), and 

have provided important insights into not only 
the global pharmacokinetics as viewed from 
plasma but also the tissue distribution and 
handling by key organs particularly the 
kidneys.

Keywords
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Animals · Global pharmacokinetics · Tissue 
distribution · Mechanisms involved in renal 
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Polymyxin derivatives used in clinical practice 
correspond to complex mixtures of structurally 
related but distinct chemical entities obtained by 
fermentation. This raises a number of issues such 
as purity or differences in composition between 
brands and even between batches. But because of 
that, expressing polymyxin doses or concentra-
tions is quite complex and may become confus-
ing [1], in particular in the case of polymyxin E 
or colistin, the latter administered as a prodrug. 
Initial pharmacokinetic (PK) studies on colistin 
methansulfonate (CMS), colistin or polymyxin B 
in animals were conducted between 1970 and 
2000  in various species (rabbits, dogs, ewes, 
calves) [2–8] using microbiological assays (i.e. 
bioassays) for measuring concentrations. 
However, as discussed in Chap. 6, these 
techniques are non-specific and cannot distin-
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guish between CMS and colistin or between 
colistin and co-administered antibiotics cross-
reacting with the selected test strain [9]. 
Therefore, only PK studies in animals conducted 
with chromatographic assays, including high per-
formance liquid chromatography (HPLC) cou-
pled with fluorimetric detection [10], tandem 
mass spectrometry (LC-MS/MS) [11] or ultrap-
erformance liquid chromatography-tandem mass 
spectrometry (UPLC-MS/MS) [12] will be 
reviewed. Furthermore, polymyxins are occa-
sionally administered orally for local decontami-
nation, but since their oral absorption is virtually 
negligible, this specific situation will not be cov-
ered in this review.

7.1	 �Pharmacokinetics of Colistin 
after Parenteral 
Administration

The first pharmacokinetic study of colistin using 
a chromatographic assay was published by Li 
et al. in 2003 [13]. Colistin sulfate was adminis-
tered to rats as a single 1 mg/kg intravenous (IV) 
bolus dose and a specific and sensitive HPLC 
assay with fluorimetric detection after derivatiza-
tion, previously developed and validated by the 
same group, was used [10]. Colistin clearance 
(CL) and volume of distribution at steady state 
(Vss) were respectively estimated at 5.2 ± 0.4 mL/
min/kg and 0.50 ± 0.06 L/kg. This low Vss value 
indicates a limited extravascular distribution, in 
agreement with physico-chemical characteristics 
of colistin including a large molecular weight and 
the presence of positive charges (5 amine func-
tions with a pKa close to 10) at physiological 
pH. In this study, protein binding of colistin was 
determined in spiked plasma by equilibrium dial-
ysis at three concentrations (4, 8 and 12 mg/L) 
leading to an average unbound fraction (fu) equal 
to 43–45% that was independent of the concen-
tration. Noticeably, colistin A was more exten-
sively bound (mean fu of 36%) than colistin B 
(mean fu of 52%) [13]. The initially reported 
elimination half-life of colistin 
(t1/2 = 74.6 ± 13.2 min) [13] was confirmed a few 

years later by Marchand et  al. 
(t1/2 = 75.4 ± 14.1 min) [14] after subcutaneous 
administration of colistin 1.5  mg/kg, although 
estimates of clearance and volume 
(CL = 8.5 ± 1.0 mL/min/kg, Vss = 0.94 ± 0.25 L/
kg) in this new study [14] were somewhat higher 
(up to two fold for Vss) than previously reported; 
it should be noted that the later study involved 
subcutaneous administration of colistin [14]. The 
virtually similar t1/2 estimate between studies 
suggests that colistin disposition is not rate lim-
ited by its absorption after subcutaneous 
administration.

Urine samples were also collected in the Li 
et  al. study, and only 0.2% of the colistin dose 
was recovered unchanged in urine [13], with a 
corresponding renal clearance 
(CLr  =  0.010  ±  0.008  mL/min/kg) much lower 
than renal clearance by glomerular filtration; esti-
mated at 2.3  mL/min/kg under the assumption 
that colistin unbound fraction was equal to 0.44 
[13] and glomerular filtration rate (GFR) was 
5.2 mL/min/kg in rats [15]. This observation sug-
gested an extensive tubular reabsorption of colis-
tin, which was then confirmed by this group 
using an in vitro isolated perfused rat kidney 
model [16]. The extensive renal tubular reabsorp-
tion of colistin would be expected to enhance its 
accumulation in kidney tissue, which may have 
implications for its renal toxicity [16]. Active 
transport systems such as organic cation trans-
porters (mainly OCTN1) and polypeptide trans-
porter 2 (PEPT2) were proposed to be involved in 
the reabsorption of colistin [16, 17]. Because of 
this extensive tubular reabsorption, colistin elim-
ination is mostly extra-renal. Yet mechanisms 
responsible for colistin elimination are mostly 
unknown and no degradation products have been 
identified. Furthermore in vitro degradation stud-
ies at 37 °C demonstrate that the rate of colistin 
disappearance is virtually similar in homogenates 
from various tissues such as liver, kidney, muscle 
or brain, but also not much different than in 
plasma or phosphate buffer at pH 7.4, suggesting 
that enzymes may not be involved in colistin 
elimination [18].
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7.2	 �Pharmacokinetics of Colistin 
Methanesulfonate (CMS) 
and Colistin after Parenteral 
Administration of CMS

7.2.1	 �Pharmacokinetics of CMS 
and Colistin in Rats

The first pharmacokinetic study conducted after 
intravenous administration of CMS, the inactive 
prodrug of colistin used in clinical practice, in 
rats, was also conducted by Li et al. [19] at a dose 
of 15 mg/kg of CMS corresponding to ~6.3 mg/
kg of colistin base activity (CBA) [1]. CMS and 
colistin were assayed by HPLC [20]. Noticeably 
as for any other chromatographic assays, CMS 
concentrations were not measured directly, but 
obtained by difference between colistin concen-
trations measured after and before CMS hydroly-
sis in plasma samples. Therefore, partially 
sulfomethylated CMS derivatives, that may be 
present within samples, cannot not be distin-
guished from CMS.  Accordingly the authors 
clearly stated that estimated CMS pharmacoki-
netic parameters may only be considered as 
hybrid parameters for CMS [19]. With this limi-
tation in mind, CMS volume of distribution (Vss) 
was estimated at 0.30 ± 0.06 L/kg; that is about 
30% lower than that of colistin and therefore still 
close to the extracellular fluid volume [15]. Total 
CMS clearance was found equal to 11.7 ± 1.8 mL/
min/kg which is about twice that of colistin [13]. 
Urinary recovery experiments showed that 
61% ± 14% of the dose administered was recov-
ered, mostly as unchanged CMS (2/3) and as 
colistin (1/3) [19]. However considering the 
much lower urinary recovery of colistin (0.2%) 
previously observed after its direct administra-
tion [13], it was concluded that post-excretion 
hydrolysis of CMS in urine was probably mainly 
responsible for this high recovery of colistin in 
urine after CMS administration. Consequently, a 
more reliable estimate of CMS renal clearance 
was obtained by assuming that the sum of CMS 
and colistin amounts recovered in urine was actu-
ally excreted as CMS. This CMS renal clearance 
estimate was equal to 7.2  ±  2.2  mL/min/kg, 

which is slightly higher than GFR in rats (5.2 mL/
min/kg) [15]. Li et al. did not measure the plasma 
protein binding of CMS, but even if the unbound 
fraction was one (i.e. no binding in plasma) the 
relative magnitude of the renal clearance of CMS 
and of GFR is consistent with net tubular secre-
tion [19]. However, it should again be remem-
bered that CMS parameters correspond to hybrid 
values that are difficult to interpret. It was also 
possible during this study [19] to estimate that 
only 6.8% of the CMS dose was converted sys-
temically into colistin in rats, and another inter-
esting observation was that the elimination 
half-life of formed colistin (55.7 ± 19.3 min) was 
about twice that of CMS (23.6 ± 3.9 min) indicat-
ing that the disposition of formed colistin is not 
rate-limited by its formation.

A few years after this initial study, a dose-
ranging pharmacokinetic study was conducted in 
rats by Marchand et  al. [21], using the largest 
possible range of CMS doses (5–120  mg/kg of 
CMS base corresponding to ~2.1 to ~50 mg/kg of 
CBA), considering the limit of quantification of 
the LC-MS/MS analytical assay (0.078 μg/mL) 
and drug toxicity. No trend of non-linearity was 
observed and pharmacokinetic parameter values 
were consistent with those previously published 
by Li et  al. [19], in particular when the dose 
administered was the same (15  mg/kg of CMS 
base corresponding to ~6.3  mg/kg of CBA). It 
was estimated that on average 10.2% of the intra-
venous CMS dose was converted systemically 
into colistin. This fm estimate is slightly higher 
than that previously reported (6.8%) [19] but still 
relatively low. Therefore, these two studies allow 
concluding, that at least in rats, only a small frac-
tion of the intravenous dose of CMS is eventually 
converted systemically into colistin.

Interestingly also, the unusual colistin concen-
tration versus time profiles in rats, compared with 
others species (discussed below), with almost 
instantaneous plasma peak concentrations and a 
slower decay of colistin compared with CMS 
over time, initially observed by Li et  al. [19], 
were confirmed during the study by Marchand 
et al. [21] as illustrated in Fig. 7.1. A more recent 
pharmacokinetic study in rats by He et al. com-
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paring four brands of CMS coming from various 
countries: Thailand (Atlantic Laboratories), 
United Kingdom (Forest Laboratories) and USA 
(X-GEN Pharmaceuticals and Paddock 
Laboratories) [22], may have provided an expla-
nation for this unexpected behavior. Chemical 
analysis of the different brands was also per-
formed and similar composition was observed 
for all brands by elementary analysis. However, 
chromatographic profiles of CMS showed several 
peaks with the Altantic CMS chromatographic 
profile distinct from the three other brands. This 

is consistent with CMS being a mixture of differ-
ent fully and partially sulfomethylated deriva-
tives that may vary between brands [19]. 
Following IV administration of these four brands 
at a dose of 28.1 mg/kg of CMS corresponding to 
~11.7 mg/kg of CBA [22], CMS plasma concen-
trations versus time profiles (Fig. 7.2a) and CMS 
pharmacokinetic parameters were generally con-
sistent with those previously described [19, 21]. 
Colistin elimination half-life was again longer 
than that of CMS, whatever the brand, confirm-
ing that colistin disposition is not limited by its 
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formation. However, plasma concentration ver-
sus time profiles of formed colistin in the study 
by He et al. were different from those previously 
reported by Li et al. [19] and Marchand et al. [14, 
21], and colistin peak concentration was consid-
erably delayed to reach a peak after about 60 min 
on average (Fig. 7.2b). Similar to the results of 
He et  al., a delay in attainment of peak plasma 
concentration of formed colistin following IV 
administration of CMS (Link Pharmaceuticals) 
in rats was observed by Yapa et al. [23].

Therefore the high initial concentrations of 
colistin after CMS injection observed by Li et al. 
[19] and Marchand et  al. [14, 21] could be 
explained by the fact that in these initial studies, 
the administered CMS solutions may have con-
tained a small fraction of partially sulfomethyl-
ated CMS derivatives, rapidly converted into 
colistin after administration. However, as dis-
cussed in the next section, this unexpected behav-
ior was observed in rats but not in other species 
after IV administration of the same Sanofi-
Aventis CMS brand.

Another PK study in rats was conducted to 
investigate the central nervous system (CNS) dis-
tribution of colistin in vivo and by in situ brain 
perfusion [24]. Brain-to-plasma ratios ranged 
between 2.1 and 3.7% and were not enhanced by 
co-administration of P-glycoprotein (P-gp) 
inhibitors (PSC833 or GF12918). Intraperitoneal 
injection of lipopolysaccharides to induce inflam-
mation significantly increased brain AUC by two 
to threefold. In conclusion, blood brain barrier 
transport of colistin is negligible under healthy 
conditions but enhanced during systemic inflam-
mation as might be observed in infected patients.

Bouchene et  al. recently reported develop-
ment of a whole-body physiologically-based 
pharmacokinetic (WBPBPK) model to character-
ize CMS and colistin distribution in various tis-
sues of rats [25]. In order to describe the 
disposition of CMS and colistin, the work 
involved a combination of in vitro, in silico and in 
vivo data to construct the model. A key aspect of 
the study was the experimental determination of 
the tissue-to-plasma partition coefficient for 
CMS and colistin across 10 different tissues/
organs, against which the model predictions were 

compared. Notably, the experimentally deter-
mined kidney-to-plasma partition coefficients for 
CMS (5.45) and colistin (19.7) were substantially 
higher than for any of the other tissues. The accu-
mulation of CMS and colistin in kidney tissue is 
undoubtedly a key factor in the development of 
nephrotoxicity after administration of CMS. With 
appropriate validation studies, the WBPBPK 
model holds promise for inter-species extrapola-
tions using species-specific physiological param-
eters [25].

7.2.2	 �Pharmacokinetics of CMS 
and Colistin in Various Animal 
Species

In a recent study, epithelial lining fluid (ELF) and 
systemic pharmacokinetics of CMS and colistin 
were determined in sheep after IV and pulmo-
nary administration of both CMS (sodium) and 
colistin (sulfate) at respective doses of 4–8 mg/kg 
(corresponding to ~1.7–3.4  mg/kg CBA) and 
2–3 mg/kg [26]. Concerning systemic pharmaco-
kinetics, the maximal concentration of formed 
colistin was obtained at 3.13 ± 0.55 h after intra-
venous administration of CMS. CMS and colistin 
clearances were 2.29 ± 0.03 L/h (0.95 mL/min/
kg) and 1.32 ± 0.23 L/h (0.55 mL/min/kg) which 
are at least 10 times lower than corresponding 
clearances in rats [13, 14, 19] and 2.5 times lower 
than in healthy volunteers for CMS (2.6 ± 0.3 mL/
min/kg) [27]. Contrasting with previous results 
observed in rats and humans where colistin dis-
position was rate-limited by its own elimination, 
[19, 27] terminal half-life of formed colistin was 
not longer than that of CMS. The fm estimate in 
sheep (17.4%) is slightly higher than that previ-
ously reported in rats (6.8 and 10.2%) [19, 21] 
but still relatively low.

Other investigations have been conducted by 
our group in various species including mice 
(n = 36), rabbits (n = 3), baboons (n = 3) and pigs 
(n  =  2) with the objective of developing a 
WBPBPK model to characterize CMS and colis-
tin distribution in various tissues and eventually 
to allow between-species comparisons and 
extrapolations [18]. Animals received a single 
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dose of CMS (Sanofi Aventis, Paris, France) as 
follows: 15  mg/kg of CMS base (~6.3  mg/kg 
CBA) administered subcutaneously to mice and 
intravenously to rabbits, on average 2.5 mg/kg of 
CMS base (~1.0  mg/kg CBA) infused intrave-
nously over 10 min in baboons, and 149.5 mg of 
CMS base (160 mg of sodium salt) CMS per pig 
corresponding to ~67 mg CBA administered as a 
1  h intravenous infusion. Multiple sampling of 
blood was conducted in all species except mice 
for which 4 animals were used at each of the 9 
selected time points. Furthermore, colistin was 
also directly administered to baboons by subcuta-
neous 10 min infusion at doses ranging between 
0.379  mg/kg and 0.485  mg/kg (of colistin sul-
fate), in order to estimate the fraction of the CMS 
dose converted into colistin in that particular spe-
cies. Plasma concentrations of CMS and colistin 
were assayed by LC-MS/MS [11] and pharmaco-
kinetic parameters were determined by a non-
compartmental approach (WinNonLin version 
6.2, Pharsight Corporation, Mountain View, 
California, USA). Data previously obtained in 
rats [14, 21] but also in healthy human volunteers 
[27], using the same CMS brand and analytical 
assay, can be used for comparison. It should be 
noted that different CMS batches were used, 
which may have an effect on concentration ver-
sus time profiles of CMS and, in particular, 
formed colistin. Furthermore, not the same route 
of administration was used for every species. 
Plasma concentration versus time profiles in 
these various species are presented in Fig.  7.3. 
Corresponding pharmacokinetic parameters are 
listed in Table 7.1 after correction of volume and 
clearance terms by body weight.

In humans, baboons, pigs and rabbits, CMS 
plasma concentrations decayed more rapidly 
with time than colistin (Fig. 7.3) and accordingly, 
CMS half-lives were shorter (Table  7.1) [18]. 
These profiles indicate that in these species the 
disposition of formed colistin is rate limited by 
its own elimination and not by its formation. By 
contrast, CMS and colistin plasma concentra-
tions decayed in parallel with time in mice, which 
is typical of a formation rate limited process. 

However, these data must be interpreted carefully 
since CMS was administered subcutaneously in 
mice. With the exception of mice, CMS Vss var-
ied between approximately 130 and 330 mL/kg 
(Table 7.1), close to the volume of extracellular 
fluid (ECF) [15]. Moreover, these values are in 
reasonable agreement with the Vss for CMS esti-
mated in healthy volunteers (196  mL/kg) [27]. 
CMS CL values in rabbits, pigs and baboons 
were virtually identical and close to the value 
estimated in humans (2.6  mL/min/kg) [27] but 
CL estimates for CMS in rats and mice were 
respectively about 5 and 10 times higher than in 
human volunteers.

Recently, Viel et  al. reported details of a 
WBPBPK model to characterize the disposition 
of CMS and colistin in pigs, especially in regard 
to the renal handling of these compounds [28]. A 
number of different pharmacokinetic studies 
were conducted; specifically to elucidate the 
plasma and kidney pharmacokinetics after single 
IV and IM administration of CMS as well as after 
repeated IM administration, and also investiga-
tions of tissue-to-plasma partition coefficients 
and plasma protein binding of CMS. The experi-
mental data were subjected to WBPBPK model-
ling. Key findings of the experimental and 
modelling studies were: extensive accumulation 
of colistin in kidney, followed by slow elimina-
tion from that organ; very substantial contribu-
tion of tubular secretion in the renal elimination 
of CMS, with some conversion to colistin within 
tubular cells; extensive tubular reabsorption of 
colistin; some degradation of colistin within 
tubular cells; and, a plasma unbound fraction of 
approximately 0.4 [28].

Colistin PK-PD has been investigated in vivo 
using mice after direct subcutaneous administra-
tion of colistin sulfate to demonstrate that the 
AUC to MIC ratio corrected for plasma protein 
binding (fAUC/MIC) is the relevant PK-PD index 
to predict colistin efficacy against Pseudomonas 
aeruginosa and Acinetobacter baumannii [29]. 
Those studies were preceded by single-dose stud-
ies at 10, 20 and 40 mg/kg to elucidate the phar-
macokinetics of colistin in infected neutropenic 
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mice. The plasma protein binding in these ani-
mals was determined using both ultracentrifuga-
tion and rapid equilibrium dialysis, with very 
careful attention to minimize non-specific bind-
ing to equipment used in the measurements. Over 
the dose range examined, the pharmacokinetics 
of colistin was nonlinear; the apparent clearance 
decreased with increasing dose while the half-life 
increased. The percentage of colistin bound in 
plasma of infected neutropenic mice was inde-
pendent of plasma concentration over a wide 

range (~2–50  mg/L). The average plasma 
unbound fraction of colistin over this range by 
the two methods of determination was 0.084; this 
was very much lower than the value of ~0.5 found 
for critically-ill patients and healthy humans 
[29]. PK differences observed between rodents 
and non-rodents, such as differences in plasma 
protein binding of colistin, should be considered 
before extrapolating efficacy results from rodents 
to humans after treatment by CMS.
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Fig. 7.3  Mean ± SD plasma concentration–time profiles 
of CMS (closed circles and full line) and formed colistin 
(open circles and dotted line) in: mice (n   =   4 per time 
point) after subcutaneous administration of CMS base 
15 mg/kg (~6.3 mg/kg CBA); rats (n  =  6) after IV bolus 
administration of CMS base 15 mg/kg (~6.3 mg/kg CBA) 
[21]; rabbits (n = 3) after IV bolus administration of CMS 

base 15 mg/kg (~6.3 mg/kg CBA); pigs (n = 2) after 1 h 
infusion of 149.5  mg of CMS base (~62.3  mg CBA); 
baboons (n  =  3) after 10  min infusion of on average 
2.5 mg/kg of CMS base (~1.0 mg/kg CBA), and in healthy 
volunteers (n = 12) after 1 h infusion of 1MIU of CMS 
equivalent to 80 mg of sodium CMS (~33 mg CBA)
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7.3	 �Pharmacokinetics of CMS 
and Colistin after  
Nebulization

7.3.1	 �Pharmacokinetics of CMS 
and Colistin after  
Nebulization in Rodents

CMS nebulization seems very appealing for the 
treatment of pulmonary infections. However 
because CMS is an inactive prodrug, it was inter-
esting and important to characterize its pre-
systemic conversion into colistin after 
nebulization. More specifically, it was important 
to estimate how much of the CMS dose is con-
verted to colistin pre-systemically (in the lungs) 
and how much of the dose is directly absorbed. 
This question was addressed for the first time in 
rats and data were published in 2010 [14]. A 
schema for the pharmacokinetic behavior of 
CMS and colistin after CMS intra-tracheal 
administration in rats is presented in Fig. 7.4.

In order to estimate the various pharmacoki-
netic parameters appearing on Fig.  7.4, CMS 
(Sanofi-Aventis) was administered to healthy rats 
at a dose equal to 15  mg/kg in base (~6.3  mg 
CBA), either by intra-tracheal nebulization using 
a microsprayer aerosolizer, model IA-1B 
(PennCentury INC., Pennsylvania, USA) (n = 5) 
or intravenous administration (n  =  6) [14]. In 
order to complete the PK analysis, it was neces-

sary to include another group of rats (n  =  6) 
administered directly with colistin sulfate. The 
subcutaneous route was selected at a dose of 
1.5  mg/kg. Blood samples were collected for 
concentration measurements in plasma, and 
broncho-alveolar lavage (BAL) was conducted in 
extra rats (n = 14) after intra-tracheal administra-
tion for determination of CMS and colistin in 
ELF, after correction by urea concentration. CMS 
and colistin were assayed by LC-MS/MS in 
plasma and BAL as well as urea in BAL. A non-
compartmental pharmacokinetic analysis was 
conducted [14]. Using the Penn Century aerosol-
izer, most of the nebulized dose of CMS was 
eventually absorbed either directly or after pre-
systemic conversion into colistin. It is important 
to realize that in clinical practice only a small 
fraction of the aerosolized dose is most likely 
capable of reaching the absorption/infection site, 
which precludes direct data extrapolation from 
rat to human. CMS maximum plasma concentra-
tions were much lower after nebulization than 
after IV administration and the peak was delayed 
(Fig. 7.5b). Colistin plasma concentration versus 
time profiles observed after CMS intravenous 
administration and nebulization were distinct, 
with a delayed peak and sustained concentrations 
with time after CMS nebulization. However, 
plasma colistin concentrations were in the same 
order of magnitude independent of the route of 
administration (Fig.  7.5). It was estimated that 
after intra-tracheal administration with the 

Table 7.1  Pharmacokinetic parameters of CMS and 
colistin after IV CMS bolus administration in: mice 
(n = 36, 4 mice per time), rats (n = 6) and rabbits (n = 3) 
at a dose of 15 mg/kg of CMS base (~6.3 mg/kg CBA), 
after 1 h IV infusion of 2 MIU of CMS (~66 mg CBA) in 

pigs (n = 2), after 10 min IV infusion of 2.5 mg/kg on 
average of CMS (~1.0 mg/kg CBA) in baboons (n = 3) 
and after 1  h infusion of 1 MIU of CMS equivalent to 
80 mg of sodium CMS (~33 mg CBA) in healthy human 
volunteers

Pharmacokinetics parameter
Species CLCMS (mL/min/kg) Vss,CMS (mL/kg) t1/2,CMS (min) t1/2,coli (min)
Micea 22.2 1032 33.0 33.0
Ratsb 12.9 ± 2.5 333 ± 42 24.7 ± 3.7 32.4 ± 5.0
Rabbits 2.5 ± 0.13 133 ± 1.6 43.0 ± 3.5 80.8 ± 8.3
Pigs 2.7 ± 0.8 250 ± 88 50.9 ± 4.2 129 ± 0.4
Baboons 2.6 ± 0.8 152 ± 20 38.5 ± 7.6 130 ± 15
Healthy Volunteersc 2.6 ± 0.3 196 ± 26 120 ± 7.2 180 ± 34

aestimates based on the mean of 4 mice per time
bpreviously published (21)
cpreviously published (27)
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PennCentury system, 70% of the CMS dose was 
directly absorbed to reach the systemic circula-
tion and that 39% was converted pre-
systematically and absorbed as colistin. These 
estimates reflected the experimental error and it 
was considered that 2/3 of the CMS was directly 
absorbed and 1/3 converted pre-systemically into 
colistin. The fraction of CMS converted into 
colistin after CMS intravenous administration in 
rats was estimated at 12.5% in the current study 
[14], compared with 10.2% in the previous dose-
ranging study conducted by our group [21] and 
6.8% in the pioneer study by Li et al. [19]. As a 
consequence of the relatively important CMS 
pre-systemic conversion in the lung, colistin sys-
temic exposure (AUC) was about 4 times greater 
after CMS nebulization than after IV administra-
tion in this experimental animal model [14]. 

However although a significant fraction of CMS 
was converted into colistin pre-systemically, ELF 
concentrations of the active moiety were much 
lower (about 10 times lower at 30 and 120 min 
post-nebulization) than corresponding CMS con-
centrations, suggesting that colistin formation 
rate limits its absorption. In other words, colistin 
is rapidly absorbed after being formed within 
ELF, explaining that its concentrations remain 
always low compared with those of CMS.  No 
modeling to better characterize these rate-
limiting steps was conducted during this study.

Interestingly, these questions have been 
addressed in more detail by Yapa et al. [23]. In 
this study, CMS was provided by Link 
Pharmaceutical Ltd. (Auckland, New Zealand). 
CMS and colistin were administered to rats intra-
tracheally using a 2.5  cm polyethylene tube 

Fig. 7.4  Schema of CMS disposition after nebulization: 
FCMS, lung corresponds to the fraction of the CMS dose 
absorbed systematically; fm,syst, is the fraction of CMS con-
verted into colistin within the systemic circulation; fm,lung 

is the fraction of the CMS dose converted into colistin pre-
systematically and Fcoli,lung is the fraction of colistin which 
is then absorbed into the systemic circulation [14]

Fig. 7.5  Mean ± SD total plasma concentration-versus-
time profiles of CMS and colistin after (a) IV administra-
tion of 15 mg/kg of CMS base (~6.3 mg/kg CBA) (n = 6), 

or (b) intra-tracheal nebulization of 15  mg/kg of CMS 
base (~6.3 mg/kg CBA) (n = 5). (Adapted from Marchand 
et al., 2010 [14])
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inserted via the mouth to the tracheal carina at 
various doses, respectively 14 or 28  mg/kg for 
CMS (~5.8 and ~11.6  mg/kg CBA) and 0.41, 
0.62, 0.99 and 1.49 mg/kg for colistin. They were 
also administered intravenously at either 14, 28 
or 56 mg/kg for CMS (~5.8, ~11.6 or ~23.2 mg/
kg CBA) and 0.21, 0.41 or 0.62 mg/kg for colis-
tin. CMS and colistin concentrations were mea-
sured in plasma and BAL. Concentration versus 
time profiles of CMS and colistin in plasma and 
concentrations in ELF at predetermined sampling 
times after intra-tracheal administration of CMS 
compare favorably with those obtained by 
Marchand et al. at the same dose [14]. However, 
using the Link Pharmaceutical Ltd. CMS brand, 
colistin plasma concentration-time profiles after 
CMS IV administration, showed a delayed colis-
tin peak as observed by He et  al. [22] but not 
Marchand et al. [14] and Li et al. [19]. CMS and 
colistin concentrations in plasma and ELF were 
analyzed with a simultaneous population phar-
macokinetic model including multi-
compartments to describe a relatively complex 
colistin disposition within lung after intra-
tracheal administration [23]. The fraction of the 
dose exposed to the lung after intra-tracheal 
administration was 40.9% for CMS and 48.5% 
for colistin, lower than previously described by 
Marchand et al. [14]. However, Yapa et al. esti-
mated that on average 22.6% of the CMS dose 
was converted into colistin in ELF compared 
with only 3% in the systemic circulation [23], 
while Marchand et al. obtained respectively 39% 
and 10–12% for these same parameters [14, 21]. 
One potential explanation for the extensive CMS 
conversion in lungs after intra-tracheal adminis-
tration, is its reduced availability for renal clear-
ance [23]. One of the major findings in the Yapa 
et al. study was that intra-tracheal administration 
of CMS achieved much higher and sustained 
exposure of colistin in lungs than was possible 
with IV administration [23].

More recently, Gontijo et  al. observed that 
after direct intra-tracheal administration of colis-
tin (0.35  mg/kg), average ELF to plasma AUC 
ratio was equal to 1214 [30] and that colistin 
exposure in lung was much higher after nebuliza-

tion than IV administration, confirming observa-
tions by Yapa et al. [23]. A complex absorption 
pattern of colistin after nebulization was again 
observed by Gontijo et al., but the best PK model 
to describe the data incorporated non-linear 
transfer which was further challenged by increas-
ing the dose [30].

A recent study in neutropenic infected mice 
compared ELF and plasma pharmacokinetics of 
colistin after intra-tracheal nebulization at two 
doses (2.64 mg/kg and 5.28 mg/kg) versus intra-
venous administration (2.64  mg/kg) [31]. 
Whereas plasma concentrations of colistin were 
similar after intravenous administration and neb-
ulization, concentrations in ELF were signifi-
cantly higher than plasma concentrations after 
nebulization with corresponding maximum con-
centrations equal to 169 and 5.72 mg/L (dose of 
2.64 mg/kg).

7.3.2	 �Pharmacokinetics of CMS 
and Colistin 
after Nebulization in Other 
Species

A pharmacokinetic study after CMS nebulization 
has been conducted in pigs [32]. In particular the 
aerosol delivery system used in pigs is currently 
used in patients and is expected to deliver much 
less of the dose to the pulmonary alveoli than 
when using the Penn Century system or direct 
intra-tracheal administration in rats. Furthermore, 
this study was conducted in piglets infected with 
an experimental model of pneumonia induced by 
P. aeruginosa whereas healthy rats were used 
previously [14, 23]. Twelve ventilated, infected 
piglets were included in the study, 6 received an 
IV infusion of CMS (3.2 mg/kg (~1.3 mg CBA) 
over 30  min every 8  h) and the remaining 6 
received 8  mg/kg of CMS (~3.3  mg/kg CBA) 
over 30 min, every 12 h, by nebulization using a 
vibrating plate nebulizer (Aeronen Pro®, Aerogen 
Ltd., Galway; Ireland) [32]. Lung tissue samples 
were respectively obtained 1 h after the 4th intra-
venous infusion and the 3rd nebulization. CMS 
and colistin concentrations were measured in 
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plasma and lung by HPLC [33]. After CMS IV 
infusions, colistin could not be detected in lung 
tissue whereas after aerosol delivery a median 
peak of colistin was estimated at 2.8 μg/g within 
lung tissue. The absence of colistin in lung tissue 
after IV administration of CMS was correlated 
with a lack of antimicrobial efficacy. After 24 h 
of treatment, 67% of pulmonary segments had 
bacterial counts <102 CFU/g following nebuliza-
tion and 28% after IV administration. Therefore, 
these data suggest that CMS nebulization in 
patients could be of better value than intravenous 
dosing for the treatment of pulmonary infections. 
However measuring antibiotic concentrations in 
whole tissue homogenates is not recommended 
for reasons previously discussed [34]. ELF con-
centrations are probably more relevant to charac-
terize the intrapulmonary distribution of 
antibiotics and predict antimicrobial efficacy 
against extra-cellular pathogens. Interestingly 
dose-normalized colistin plasma peak concentra-
tions (Cmax) and area under concentration-time 
curve (AUC) were respectively 6 and 2.7 times 
lower after nebulization than after IV administra-
tion of CMS, suggesting that systemic side effects 
could be lower after CMS nebulization than IV 
administration [32].

Two different devices used in clinical practice, 
Eflow rapid® and Pari LC star® were compared 
by scintigraphy after nebulization of CMS at a 
dose of 1 MIU (corresponding approximately to 
33 mg of CBA) in baboons [35]. A higher aerosol 
distribution into lungs was observed by imaging 
when nebulization was performed with a Pari 
LC® Star than with an Eflow Rapid® nebulizer. 
Accordingly, ELF concentrations simulated by 
PK modelling from measured plasma concentra-
tions have confirmed a higher ELF CMS and 
colistin exposure after nebulization through the 
Pari LC® Star system than Eflow Rapid® nebu-
lizer [35].

As partially presented above, the most recent 
study performed by Landersdorfer et al., has doc-
umented ELF and plasma pharmacokinetics of 
CMS and colistin in sheep after IV and pulmo-
nary administration of both molecules [26]. CMS 
and colistin were not quantifiable in broncho-

alveolar lavage fluid following intravenous CMS 
administration. CMS and formed colistin were 
not quantifiable in plasma after endotracheal neb-
ulization of CMS at a dose of 2.6  mg/kg CBA 
(~6.2  mg/kg CMS sodium) whereas very high 
concentrations of both molecules were observed 
in ELF (between 1147  ±  710  mg/L and 
63  ±  34  mg/L at 1  h and 24  h for CMS and 
between 400 ± 243 mg/L and 184 ± 190 mg/L at 
the same times for colistin). The therapeutic 
availability and the drug targeting index which 
characterize the targeting advantage in terms of 
exposure to CMS or formed colistin after nebuli-
zation were higher than 1, consequently, and in 
accordance with studies performed in rats [23, 
26], a targeting advantage of pulmonary adminis-
tration compared to intravenous administration 
was observed in sheep.

7.4	 �Pharmacokinetics of 
Polymyxin B in Animals

Polymyxin B and colistin are both old antibiotics 
used in the treatment of multidrug-resistant 
Gram-negative infections but not with the same 
clinical availability in various parts of the world. 
Europe and Australia have access to only colistin 
whereas in some other countries (e.g. United 
States, Brazil), both drugs are available. They 
have similar chemical structures with only one 
amino acid different in the ring structure [36]. 
However, a major difference in formulation exists 
since colistin is administered as an inactive pro-
drug (CMS), whereas polymyxin B is adminis-
tered directly as its sulfate salt, which is active. 
Differences in terms of antibacterial concentra-
tion achievable both in plasma and in urine, in 
terms of toxicity but also in terms of pharmacoki-
netics are observable with these two molecules 
[36].

Due to its administration as an active form, the 
polymyxin B pharmacokinetics is simpler than 
that of colistin. The first recent modern pharma-
cokinetic study of polymyxin B in animals was 
performed in rats and relied on the measurement 
of four major components: polymyxin B1, 
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isoleucine-polymyxin B1, polymyxin B2 and 
polymyxin B3, after IV administration of a single 
bolus dose equal to 4 mg/kg [37]. Since no major 
pharmacokinetic difference was observed 
between these four components, polymyxin B1, 
which is the most abundant component, was 
selected as the representative entity to describe 
the pharmacokinetics of polymyxin B. Polymyxin 
B1 pharmacokinetics was described by a one-
compartment model and characterized by a clear-
ance of 1.65  ±  0.62  mL/min and a volume of 
distribution of 198.1 ± 44.12 mL. Consequently 
the mean half-life value was estimated at 
1.46 ± 0.39 h. Similar to colistin, the renal excre-
tion of polymyxin B was negligible, with less 
than 1–5% of the dose recovered unchanged in 
urine collected up to 48 h [37, 38]. Consequently, 
renal insufficiency did not appear to have a sig-
nificant impact on polymyxin B elimination in 
rats, in accordance with previous observations in 
patients with renal insufficiency [39, 40]. 
However, accumulation of polymyxin B in kid-
ney tissue was observed, with concentrations 30 
times higher in tissue than in serum in rats [41], 
and proximal tubular cells in the renal cortex and 
outer stripe of outer medulla seemed to be the 
main region of polymyxin accumulation [38]. 
Similar accumulation in renal proximal tubular 
cells was also observed in mice [42]. In rats, the 
accumulation of polymyxin B in renal tubular 
cells appeared to involve at least in part the trans-
porter megalin that mediates uptake of substrates 
from tubular urine, and the accumulation was 
correlated with the onset of polymyxin B-induced 
nephrotoxicity [43]. Polymyxin B elimination 
may also occur by biliary excretion since the four 
major compounds of polymyxin B (B1, B2, B3 
and isoleucine-polymyxin B) were detected in 
bile 4  hours after intravenous administration of 
3 mg/kg in rats [38]. Polymyxin B concentrations 
were similar in muscle, heart, liver and in serum, 
but low concentrations were observed in brain 
[38]; however, whole tissue homogenate concen-
trations used in this study should be considered 
with great caution [34]. Polymyxin distribution 
studies in lung are limited and divergent results 
were found between this present study in rats 

which evaluated lung tissue homogenate concen-
trations [38] and a previous study in mice using 
ELF concentrations [12].

7.5	 �Pharmacokinetics of Novel 
Polymyxin-Like Compounds 
in Animals

Polymyxin B and colistin are used to treat seri-
ous infections caused by mutlidrug-resistant 
Gram-negative bacterial strains. However, both 
compounds are nephrotoxic which can restrict 
their use [44, 45]. Novel synthetic polymyxin-
like antibiotics (NAB) which are potentially less 
toxic have been developed by Bachem AG 
(Budendorf, Switzerland) [46]. Among various 
compounds, NAB 739 and 740 present an anti-
microbial activity that compares favorably with 
that of polymyxin B, although always slightly 
lower against most of the stains (Escherichia 
coli and Klebiella pneumoniae). Another deriva-
tive, NAB 7061, is not efficient by itself but 
demonstrates a strong synergism with clarithro-
mycin and rifampicin [46, 47]. These NAB 
compounds present only 3 positive charges at 
physiological pH, compared with 5 for poly-
myxin B and colistin. Reducing the number of 
charges seems to reduce by a factor 6 to 7 the 
affinity of NAB compounds for isolated rat kid-
ney brush border membrane [46] and conse-
quently their potential renal toxicity compared 
with polymyxin B and colistin [48, 49]. The 
pharmacokinetics of NAB 739 and NAB 7061 
was investigated in rats following IV bolus 
injection at a dose of 1 mg/kg [50]. The mean 
half-lives of NAB 739 and 7061 (respectively 
69.0 ± 21.9 and 66.2 ± 12.3 min) were close to 
that of colistin (74.6 ± 13.2 min) [13] or poly-
myxin B (87.6 ± 23.4 min for polymyxin B1 and 
79.8  ±  16.2  min for a polymyxin B2 and B3 
mixture) [37]. The estimated volume of distri-
bution of NAB 739 (222  ±  20.5  mL/kg) was 
slightly lower than that of NAB 7061 
(339  ±  96  mL/kg), colistin (496  ±  60  mL/kg) 
[13] or polymyxin B (close to 800 mL/kg) [37]. 
Total clearance of NAB 739 (2.63 ± 0.54 mL/
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min/kg) was also lower than for other polymyx-
ins (5.22  ±  0.4  mL/min/kg for colistin and 
between 6.5 and 7  mL/min/kg for polymyxin 
B). Although higher than those of colistin or 
polymyxin B, urinary recoveries were still rela-
tively low with about 20% of the dose recovered 
in urine for NAB 739 and 7% for NAB 7061, 
with corresponding renal clearances estimated 
at 0.53 ± 0.30 mL/min/kg and 0.28 ± 0.16 mL/
min/kg. These renal clearance values are 
approximately 30–50 times higher than those of 
colistin or polymyxin B which in fact consti-
tutes the major pharmacokinetic specificity of 
these NAB compounds.

7.6	 �Conclusions

Although polymyxin antibiotics have been com-
mercialized more than 50 years ago, reliable PK 
studies based on chromatographic assays have 
only been conducted recently. As a consequence, 
polymyxin PK has been investigated almost 
simultaneously in animals and humans. This is a 
rather unusual situation since traditionally ani-
mal studies are called pre-clinical studies as 
they are conducted first and provide valuable 
information before conducting studies in 
humans. As a result of research conducted over 
the last decade or so important data concerning 
the effect of CMS dose, brand or route of admin-
istration on colistin PK, have been obtained in 
animals. Other important questions such as non-
renal elimination mechanisms remain to be 
addressed in animals. PB-PK approaches that 
could be of potential value to predict the effect 
of infection and of major pathophysiological 
alterations observed in critically ill patients on 
polymyxin disposition will be developed and 
validated in humans before being extrapolated 
to patients. Last but not least, because of the 
absence of major between-species differences in 
polymyxin PK, animal models of infection may 

be used to better characterize polymyxin PK-PD 
administered alone or in combination, which 
remains a major issue to improve treatment effi-
cacy, reduce toxicity and delay mutant 
selection.
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Abstract
In the last decade, considerable advancements 
have been made  to identify the pharmacoki-
netic/pharmacodynamic (PK/PD) index that 
defines the antimicrobial activity of polymyx-
ins. Dose-fractionation studies performed in 
hollow-fiber models found that altering the 
dosing schedule had little impact on the kill-
ing or suppression of resistance emergence, 
alluding to AUC/MIC as the pharmacody-
namic index that best describes polymyxin’s 
activity. For in vivo efficacy, the PK/PD index 
that was the most predictive of the antibacte-
rial effect of colistin against P. aeruginosa and 
A. baumannii was ƒAUC/MIC.
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8.1	 �Introduction

The knowledge of pharmacokinetics (PK) and 
pharmacodynamics (PD) of a drug is crucial for 
therapeutic efficacy and minimising side effects. 
This is especially true with antimicrobials [1]. In 
a patient, the PD characteristics (i.e. antibiotic 
effect) have to be considered together with PK 
properties [2]. Many antibiotics were developed 
before the modern drug development process; 
hence, their PK/PD relationships were lacking 
until recently. In particular, the polymyxin class 
has been devoid of such information to aid clini-
cians in effective dosing, thus resulting in grow-
ing resistance [3–5].

Minimum inhibitory concentration (MIC) has 
long been the main PD endpoint for the dosing of 
antibacterial drugs. It was used to be just simply 
selecting a dose which enabled the drug plasma 
concentration to be higher than the MIC for as 
long as possible. However, in the recent decades, 
in vitro and in vivo studies have increased the 
understanding the PK and PD relationship of 
antibiotics [6, 7]. These studies have enabled 
antibiotics to be classified according to their PK/
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PD indices which correlate to their antibacterial 
activity [1]. Examples of PK/PD indices are: i) 
fCmax/MIC which is the ratio of maximum 
unbound drug concentration to the MIC, ii) 
fAUC/MIC is the area under the unbound drug 
concentration curve to the MIC, and iii) fT>max 
which is the percentage of 24 h period that the 
unbound drug concentrations exceeds the MIC 
[6, 7]. The importance of PK/PD indices at the 
end of the day is to enable the proper identifica-
tion of effective dosage regimens and to mitigate 
any potential risks that may occur [8].

It is only recently that research has looked into 
the PK/PD indices of polymyxins against various 
organisms, mostly using colistin. A number of 
recent in vitro and in vivo studies have found 
fAUC/MIC best correlates the pharmacodynamic 
properties of colistin [9–12]. For polymyxin B, it 
can be assumed that they follow similar pharma-
codynamics profiles [13]. However, there has 
been little research done for polymyxin B, possi-
bly because colistin is more widely used than 
polymyxin B.

This chapter has compiled most of the research 
that has been done to elucidate the PK/PD indices 
for colistin and polymyxin B. The results are to 
serve as a guide for clinicians to choose appropri-
ate dosage regimens against specific bacterial 
species.

8.2	 �In vitro PD for Pseudomonas 
aeruginosa

The pharmacodynamics of the polymyxin class is 
most well-elucidated in P. aeruginosa thus far. 
This probably arises from the need to use more 
polymyxins in the treatment of multi-drug resis-
tant Pseudomonal infections that have increased 
significantly in the last two decades [14, 15]. 
Furthermore, concerns over the drug’s toxicities 
also prompted further studies in optimizing dos-
ing strategies to achieve maximal antimicrobial 
efficacy without further increasing drug toxicity. 
Earlier pharmacodynamic studies on colistin 

were largely limited by the inability to differenti-
ate between colistin and its inactive  prodrug, 
colistimethate sodium (CMS). In addition, the 
variability in the amount of active colistin con-
tained in the different preparations renders inter-
pretation and application of the earlier studies 
difficult [15, 16].

In the last decade, considerable advancements 
were made  to identify the PK/PD index that 
defines polymyxins’ antimicrobial activity. One 
of the few in vitro studies performed using poly-
myxin B demonstrated its rapid bactericidal 
activity after 2 h of antibiotic exposure for stan-
dard inocula of polymyxin-susceptible P. aerugi-
nosa (MIC: 0.5–1.0 mg/L) [17]. With increasing 
polymyxin B concentrations, the rate and extent 
of bacterial killing was greater. This 
concentration-dependent kill was also observed 
when tested against higher inocula (1 × 107 CFU/
mL) although killing was reduced, suggesting 
that polymyxins have inoculum effect. Further 
dose-fractionation studies done with two of these 
strains in a hollow-fiber model found that altering 
the dosing schedule had little impact on the kill-
ing or suppression of resistance emergence, 
alluding to AUC/MIC as the pharmacodynamic 
index that best describes the activity of 
polymyxins.

In contrast to polymyxin B, more studies had 
been done on colistin in the past decade. 
Nonetheless, similar observations were made 
when a reference strain (PAO1; MIC 4 mg/L) and 
two clinical strains (MIC 1 mg/L) of P. aerugi-
nosa were exposed to increasing concentrations 
(up to 64 times MIC) of colistin in a 24-hour 
time-kill experiment [18]. At standard inoculum 
(1 × 106 CFU/mL), up to 4 times MIC resulted in 
killing within 1  h and colistin concentrations 
more than 16 times MIC resulted in undetected 
CFU within 30  min. This concentration-
dependent killing characteristic was replicated in 
several other in vitro PK/PD studies on colistin, 
using various reference and clinical strains with 
diverse MICs (0.5 mg/L to ≥128 mg/L) [19–23]. 
Not surprisingly, against colistin-non-susceptible 
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strains, this concentration-killing profile was 
only noticeable when colistin was used in combi-
nation with another antibiotic [22, 23]. Most of 
these earlier studies employed the 24-hour one-
compartment PK/PD model, with the colistin 
concentrations kept either constant or fluctuated 
to simulate its pharmacokinetic profile in humans 
[21].

Given the predisposition to biofilm formation 
in Pseudomonal infections, an in vitro PK/PD 
experiment was done on mucoid and non-mucoid 
biofilm-producing P. aeruginosa and reported 
that concentration-dependent activity of colistin 
was retained regardless. However, higher doses 
and longer antibiotic exposure times were needed 
as compared to those used for planktonic bacteria 
[24]. In addition, the authors also noted that 
mature biofilms were more resistant than young 
biofilms, leading to longer time to maximum kill 
activity (≥ 8 h versus 4 h). In a separate biofilm 
model study using CDC biofilm reactor, colistin 
monotherapy at 3.5  mg/L achieved greater and 
more rapid killing of biofilm-embedded bacteria 
compared to 1.25 mg/L. [25]

P. aeruginosa is also known to invade epithe-
lial and phagocytic cells and hence a 24-hour in 
vitro model of THP-1 human monocytes was 
developed to evaluate antibiotic activity against 
intracellular infection [26]. From this study, it 
was noted that colistin exhibited concentration-
dependent killing intracellularly and extracellu-
larly, with the extent of the dose response 
significantly smaller against intracellular 
bacteria.

Quantification of the concentration-dependent 
activity of colistin was done using a one-
compartment in vitro PK/PD model over 24 hours 
with standard inocula of ATCC reference strains 
(27853 and PAO1) as well as a mucoid multidrug 
resistant clinical strain (MIC 0.5  mg/L) [12]. 
Eight different dosing regimens were simulated 
in this time-kill model to maximally differentiate 
among the PK/PD indices. Early dose-dependent 
killing was again noted for all three strains; 
fAUC/MIC showed the best correlation with the 

observed killing effect (R2 = 0.931) as opposed to 
fT>MIC (R2 = 0.785) and fCmax/MIC (R2 = 0.868). 
Additionally, fAUC/MIC of approximately 40, 
50 and 9 achieved near maximal killing for the 
three strains tested.

This result corroborates with an earlier study 
by the same authors examining the impact of 
once-, twice- and thrice-daily dosage regimens of 
colistin, corresponding to 5  mg/kg/day, on its 
killing activity [27]. This dose-fractionation 
study found that there was no difference in bacte-
rial killing among the different regimens when 
the maximum recommended daily dose was 
administered, strongly supporting that Cmax/MIC 
is less well-correlated to killing activity than 
overall daily drug exposure (fAUC/MIC).

Similar to polymyxin B, colistin showed inoc-
ulum effect, manifested as inhibition of killing, 
when added to high inocula (1 × 108–1 × 109 CFU/
mL) [18]. Up to 32 times MIC concentrations 
were required at 1 × 109 CFU/ml to achieve bac-
tericidal activity. At high inocula, killing was also 
slower with nadir CFU counts at 8–12  h for 
PAO1. Killing rate constant was 23-fold smaller 
for 1  ×  109  CFU/mL and sixfold small for 
1  ×  108  CFU/ml vs standard inoculum. The 
impact of inoculum load on the killing activity of 
colistin is well described from most in vitro PK/
PD time-kill studies [18, 20–23]. In one study, 
colistin monotherapy achieved no appreciable 
killing within the first 6 h for colistin-susceptible 
isolates at a high inoculum (1 × 108 CFU/mL). 
The inoculum effect of colistin was postulated to 
be more likely due to phenotypic changes in the 
bacterial cells as a result of the production of 
hypothetical unmeasured signal molecules i.e. 
quorum sensing. Another hypothesis was that 
colistin forms mixed monolayers with phospho-
lipids and is incorporated in micelles in vitro. 
Binding of colistin to lipopolysaccharides of 
killed bacteria may decrease free drug concentra-
tions in vitro and thus potentiate its inoculum 
effect [18].

In addition, colistin was observed to possess 
post-antibiotic effect (PAE, between 2 and 3 h) 
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against P. aeruginosa, but only at very high con-
centrations which are not clinically achievable 
after intravenous administration [19, 28].

8.3	 �Resistance

The phenomenon of heteroresistance (the pres-
ence of colistin-resistant subpopulations in an 
isolate considered susceptible by MIC break-
point) is well studied. Heteroresistance very 
likely contributes to the emergence of colistin 
resistance, often reflected as regrowth after initial 
decrease in log count in in vitro time-kill studies 
[17, 18, 21–23].

When exposed to colistin monotherapy, real-
time population analysis profiles (PAPs) per-
formed at 48 h in time-kill studies demonstrated 
increases in colistin-resistant subpopulations at 
standard and high inocula. Interestingly, com-
bining colistin with another antibiotic had mini-
mal impact on the proportion of colistin-resistant 
subpopulations [22]. Another study evaluating 
the impact of colistin on emergency of resis-
tance also noted that substantial increases in the 
proportion of colistin-resistant subpopulations 
at standard and high inocula and regardless of 
colistin dose used. However, combining colistin 
with doripenem resulted in significantly less 
colonies growing in the presence of ≥4  mg/L 
colistin at 96 h as compared to colistin mono-
therapy [23].

In an earlier study on polymyxins, standard 
clinical dosing of polymyxin B with  standard 
inocula led to regrowth and emergence of resis-
tance after 24  h in both wild-type and mutant 
MDR strains [17]. Interestingly, when exposed to 
a higher dose (8 times the clinical dose), a sus-
tained reduction in total bacterial burden and sup-
pression of the resistant subpopulation were 
achieved over 96 h for the wild-type isolate but 
not for the MDR isolate. Resistant isolates that 
emerged were found to have 8- to 16-fold rise in 
MIC compared to their parent strains. Subsequent 
serial passaging on drug-free media over 20 days 
led to a reversal in their susceptibility to poly-

myxins, which is suggestive of adaptive resis-
tance as opposed to mutational resistance.

8.4	 �Rate and Extent of Bacterial 
Kill Against Acinetobacter 
baumannii 
and Enterobacteriaceae

Against A. baumannii colistin had been shown to 
exhibit rapid concentration-dependent bacterial 
killing in time-kill studies [29–31]. Colistin sul-
fate displayed  rapid bactericidal  killing against 
clinical isolates of A. baumannii within 20 min at 
concentrations of 64 times  MIC; however, 
regrowth was observed by 3 h and continued till 
24 h [29].

In an in vitro pharmacodynamic model, the 
unbound plasma concentration-time profile of 
colistin achieved with 3 clinically relevant inter-
mittent regimens and a continuous infusion 
(5  mg/kg of body weight/day of colistin base 
activity) was evaluated against a clinical and 
ATCC A. baumannii isolate. Extensive killing 
corresponding to ≥4 log10 reduction in CFU/mL 
was observed in all regimens within 30 min with 
regrowth occurring at 6 h for both isolates [31].

The emergence of carbapenem resistance in 
Enterobacteriaceae has also resulted in the 
renewed interest in polymyxins for the manage-
ment of such difficult-to-treat infections. Colistin 
exhibited rapid and extensive bacterial killing 
against colistin-susceptible, as well as heterore-
sistant clinical isolates in a time-kill experiment 
utilizing varying colistin concentrations ranging 
from 0.5 to 64X MIC.  The extent of the 
concentration-effect could not be discerned as the 
killing effect was rapid even at the lowest con-
centrations. Regrowth was observed as early as 
4 h for some isolates and occurred even at con-
centrations as high as 64 times MIC, a concentra-
tion much higher than those which may be 
achieved clinically [32]. Colistin pharmacody-
namics were similar in a one-compartment in 
vitro model utilizing clinically relevant colistin 
regimens which mimicked the colistin pharmaco-
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kinetic profiles achieved in critically ill patients 
[9]. Likewise, similar observations were noted in 
in vitro PK/PD models utilizing clinically rele-
vant polymyxin B concentrations against 
Klebsiella pneumoniae,[33] Escherichia coli 
[34] and Enterobacter spp. [35] There also 
appears to be an inoculum effect, where lower 
colistin concentrations exhibited no bacterial 
killing when a high inoculum was used [9].

8.5	 �Post-antimicrobial Effect

There is considerable variability in PAEs between 
strains [29, 36]. Significant PAEs were observed 
in a study on 19 clinical A. baumannii isolates, 
which demonstrated mean PAEs of 3.90  h at 1 
time MIC and 4.48 h at 4 times MIC concentra-
tions of colistin [36]. Interestingly, only a modest 
PAE was observed in the ATCC 19606 reference 
A. baumannii strain at ≥16X MIC, and in fact 
negative PAEs were observed in clinical isolates 
[29]. Negligible PAE (≤0.5 h) of colistin was also 
observed in K. pneumoniae clinical isolates, even 
with high colistin concentrations [32].

8.6	 �Heteroresistance

Polymyxin heteroresistance, the existence of 
polymyxin-resistant subpopulations (MIC 
≥4 mg/L) in an otherwise susceptible population 
(MIC ≤2  mg/L), has been well-documented in 
several in vitro experiments.

Substantial increases in resistant subpopula-
tions occurred by 24 h in nearly all of the colistin-
susceptible K. pneumoniae isolates, including the 
ATCC reference strain after exposure to colistin. 
The proportion of these populations was in the 
order of 6  ×  10−9 to 1.3  ×  10−5. Emergence of 
resistance was highly variable between strains, 
and occurred at different concentrations for dif-
ferent strains [32, 37]. In polymyxin B experi-
ments, heteroresistant Enterobacteriaceae 
isolates showed an increase of MICs up to 
32 mg/L and there was no reversal of MICs even 

after 20 days of passages, suggesting that these 
resistant phenotypes were stable [34, 35].

Heteroresistance in A. baumannii was demon-
strated in a population analysis profile study [38]. 
In spite of low colistin MICs of 1 mg/L, the refer-
ence ATCC 19606 strain and a clinical strain both 
contained subpopulations which had the ability 
to grow in the presence of 10 mg/L colistin after 
colistin exposure. These populations had 
increased MICs of up to 128 mg/L. Upon further 
exposure to colistin-containing media (up to 
200  mg/L) through passages, the proportion of 
the resistant subpopulations with the ability to 
grow in the presence of 10 mg/L colistin increased 
dramatically from 0.000023% to 100%.

Paradoxical effect of polymyxin B has been 
reported against A. baumannii and high drug 
exposure had actually amplified the resistance 
[39]. The following dosage regimens were sim-
ulated for polymyxin B (t1/2  =  8  h) in the 
hollow-fiber infection model: non-loading 
dose (1.43  mg/kg of body weight every 12  h 
[q12h]), loading dose (2.22 mg/kg q12h for 1 
dose and then 1.43 mg/kg q12h), front-loading 
dose (3.33 mg/kg q12h for 1 dose followed by 
1.43  mg/kg q12h), burst (5.53  mg/kg for 1 
dose), and supraburst (18.4 mg/kg for 1 dose). 
When the dose intensity of polymyxin B 
against two strains of A. baumannii was 
increased, a rapid initial decline in the total 
population was observed within the first 6 h of 
polymyxin exposure. The greater the poly-
myxin B exposure, the greater maximal killing 
of −1.25, −1.43, −2.84, −2.84, and −3.40 
log10 CFU/mL within the first 6 h. However, a 
paradoxical effect, whereby higher polymyxin 
B exposures dramatically increased resistant 
subpopulations that grew on agar containing 
up to 10 mg/L of polymyxin B over 336 h, was 
observed. High drug exposure also proliferated 
polymyxin-dependent growth. The intersecting 
point, where the benefit of bacterial killing was 
equal to the cost of resistance, was an fAUC0–24 
(area under the concentration-time curve from 
0 to 24 h for the unbound fraction of drug) of 
38.5 mg·h/L for polymyxin B.
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8.7	 �Compare in vitro PK/PD 
Activity of Colistin 
and Polymyxin B

The pharmacokinetics of the two clinically used 
polymyxins, polymyxin B and colistin, differ 
considerably, since colistin is administered as an 
inactive prodrug that undergoes slow conversion 
to colistin. However, the impact of these substan-
tial PK differences on bacterial killing and resis-
tance emergence is poorly understood. Cheah 
et  al. recently assessed clinically relevant poly-
myxin B and colistin dosage regimens against 
one reference and three clinical A. baumannii 
strains in a one-compartment PK/PD model [40]. 
Rapid attainment of target concentrations was 
shown to be critical for polymyxin-induced bac-
terial killing. All polymyxin B regimens achieved 
peak concentrations of at least 1 mg/L within 1 h 
and caused ≥4 log10 killing at 1 h. In contrast, 
the slow rise of colistin concentrations to 3 mg/L 
over 48 h resulted in markedly reduced bacterial 
killing. A significant (4–6 log10 CFU/mL) ampli-
fication of resistant bacterial populations was 
common to all dosage regimens. The results also 
implicated adaptive polymyxin resistance as a 
key driver of bacterial regrowth and predicted the 
amplification of preexisting, highly polymyxin-
resistant bacterial populations following poly-
myxin treatment.

8.7.1	 �Animal Pharmacokinetic 
and Pharmacodynamic 
Models of Polymyxins

A wide variety of animal models have been used 
to characterize different properties of polymyx-
ins [10, 41–45]. Compared to in  vitro models, 
animal models have the advantage of determin-
ing polymyxin efficacy at specific body sites (e.g. 
lung, peritoneum, brain). In addition, different 
host factors, such as protein binding and interac-
tion with host immune system, can be evaluated 

using animal models. A variety of factors needs 
to be considered when evaluating in vivo effi-
cacy  – factors such as type of animal model, 
inoculum size, site of infection, drug concentra-
tions to measure drug exposure at site of infec-
tion, presence of neutropenia and type of outcome 
measures need to be carefully assessed to develop 
meaningful conclusions.

8.7.1.1	 �In Vivo Pharmacodynamics 
of Polymyxins

To date, only a handful of studies have evaluated 
the pharmacodynamics of polymyxins using ani-
mal models. Rapid and concentration-dependent 
killing was exhibited against P. aeruginosa and 
A. baumannii in animal infection models. These 
studies were mainly conducted using colistin 
(polymyxin E). In most studies, colistin dis-
played variable extent of killing against suscep-
tible clinical isolates; however, treatment with 
colistin usually resulted in improved survival in 
different animal models compared to controls 
[46–48]. The activity of colistin against biofilm 
infections was significantly poorer than against 
planktonic infections; in addition, while a modest 
PAE was observed in vivo against planktonic P. 
aeruginosa cells, negligible PAE was observed 
against P. aeruginosa biofilm [41]. Similar to in 
vitro studies, regrowth was observed against A. 
baumannii in vivo; this was associated with the 
amplification of resistant subpopulations, sug-
gesting caution with polymyxin monotherapy 
against A. baumannii [11].

There had been almost no systematic studies 
that had utilised animal infection models to study 
the pharmacodynamics of polymyxin B, until 
recently [49, 50]. However, there were a few 
studies that had examined the therapeutic effi-
cacy of polymyxin B in various animal infection 
models.

Giacometti and colleagues examined a single 
dose of intraperitoneal polymyxin B alone and in 
combination with levofloxacin in a septic shock 
rat infection model with the main objective to 
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compare with novel polymyxin-like peptides 
against E. coli ATCC 25922. They found that the 
treatment of polymyxin B alone resulted in 
86.7% survival while the addition of levofloxacin 
constituted 100% survival. In addition, signifi-
cant decreases in plasma endotoxin and TNF-α 
levels were observed in the polymyxin B treat-
ment group when compared to the untreated con-
trol group [51].

In another study of polymyxin B against IMP-
type metallo-β-lactamase-producing P. aerugi-
nosa, Miyajima and colleagues compared the 
effects of polymyxin B, colistin and other antibi-
otics in a murine blood infection model. They 
found that polymyxin B significantly increased 
the survival rate and decreased the bacteria inoc-
ulum in the blood in a dose-dependent manner 
over a range of 5–20 mg/kg. The 20 mg/kg dose 
achieved a survival rate of 83% and no bacteria 
cells were cultured at 18 h after infection [52].

In a rabbit model simulating keratitis, poly-
myxin B was evaluated alone and in combina-
tion against S. aureus ATCC 25923, P. 
aeruginosa ATCC 27853 and a clinical strain of 
S. marcescens. Polymyxin B alone did not pro-
duce any significant reduction in bacterial bur-
den against all 3 organisms. In combination 
with mupirocin, a significant reduction in bacte-
rial burden was observed when compared 
to each monotherapy [53].

In a novel study, Zhai and colleagues explored 
the anticryptococcal activity of polymyxin B in 
both kidney and intranasal murine infection mod-
els. In the intranasal model, polymyxin B signifi-
cantly reduced fungal burden and modestly 
improved animal survival. However, polymyxin 
B modestly reduced the fungal burden of the kid-
ney but did not improve animal survival [54].

8.7.1.2	 �PK/PD Index of Polymyxins
The usual methodology to determine the most 
optimal PK/PD target that best predicts in vivo 
efficacy is to conduct dose fractionation studies 
at various dosing intervals over several total 

doses and correlate the resulting efficacy for each 
regimen with the various indices. For the poly-
myxins, either AUC/MIC or ƒAUC/MIC was 
found to best correlate with optimal microbio-
logical outcomes [10, 11, 41, 49, 50].

Polymyxin B  Lin et al., recently described the 
PK/PD for aerosolized polymyxin B against P. 
aeruginosa in a mouse lung infection model [50]. 
AUC/MIC was the most predictive PK/PD index 
to describe the antimicrobial efficacy of aerosol-
ized polymyxin B in treating lung infections in 
mice (R2 of 0.70–0.88 for epithelial lining fluid 
[ELF] and 0.70–0.87 for plasma). The AUC/MIC 
targets associated with bacteriostasis against the 
three P. aeruginosa strains were 1326–1506  in 
ELF and 3.14–4.03 in plasma. Histopathological 
results showed that polymyxin B aerosol signifi-
cantly reduced lung inflammation and preserved 
lung epithelial integrity. In addition, this study 
highlights the advantageous PK/PD characteris-
tics of pulmonary delivery of polymyxin B over 
intravenous administration in achieving high 
drug exposure in ELF.

Another study assessed the PK/PD of systemi-
cally administered polymyxin B against K. pneu-
moniae in mouse thigh and lung infection models 
[49]. In thigh infection, antibacterial effect was 
well correlated with fAUC/MIC (R2  =  0.89). 
Target values of fAUC/MIC for stasis and 1-log10 
kill were 1.22–13.5 and 3.72–28.0, respectively; 
2- log10 kill was not achieved for any strain, even 
at the highest tolerated dose. There was no differ-
ence (P > 0.05) in antibacterial activity between 
polymyxin B and colistin with equimolar doses. 
It was not possible to achieve stasis in lung infec-
tion, even at the highest dose tolerated by mice.

Colistin  In the first in vivo study exploring the 
PK/PD determinant of colistin activity, Dudhani 
et al. demonstrated that the PK/PD index that was 
the most predictive of the antibacterial effect of 
colistin against P. aeruginosa was the 24 h ƒAUC/
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MIC [10]. Parallel results were observed in a sub-
sequent similar study against A. baumannii. To 
date, only one study examined the efficacy of 
colistin against bacterial biofilms in an animal 
model [11]. In the study by Wang et  al., AUC/
MIC was provided the best correlation with the in 
vivo efficacy of colistin. Of note, compared to 
planktonic P. aeruginosa cells, a significantly 
higher AUC/MIC was required to achieve stasis 
and bacterial killing in biofilm cells [41].

The PK/PD of pulmonary delivery of colistin 
in a mouse lung infection model was recently 
described [55]. The PK of colistin in epithelial 
lining fluid and plasma was determined follow-
ing intratracheal delivery of a single dose of 
colistin solution in neutropenic lung-infected 
mice; the antimicrobial efficacy of intratracheal 
delivery of colistin against three P. aeruginosa 
strains (ATCC 27853, PAO1, and FADDI-PA022; 
MIC of 1 mg/L for all strains) was also exam-
ined [55]. In both ELF and plasma, fAUC/MIC 
was the PK/PD index that best described the 
antimicrobial effect in mouse lung infection 
(R2  =  0.60–0.84 for ELF and 0.64–0.83 for 
plasma). The fAUC/MIC targets required to 
achieve stasis against the three strains were 
684–1050 in ELF and 2.15–3.29 in plasma. The 
histopathological data showed that pulmonary 
delivery of colistin reduced infection-caused 
pulmonary inflammation and preserved the 
integrity of the lung epithelium, although colis-
tin introduced mild pulmonary inflammation in 
healthy mice. This study showed pulmonary 
delivery of colistin provides antimicrobial 

effects against MDR P. aeruginosa lung infec-
tions superior to those of parenteral administra-
tions. These results provide important preclinical 
PK/PD information for optimization of inhaled 
colistin therapy.

A considerable number of studies have evalu-
ated different magnitude of AUC/MIC or ƒAUC/
MIC associated with bacterial kill in different 
infection sites in vivo [10, 11, 41, 56, 57]. The 
results of these studies are summarised in 
Table 8.1. Such information provides a basis for 
defining the magnitude of that target required for 
optimal in vivo activity of the antibiotic, which 
allows us to develop clinically relevant dosing 
schedules for subsequent evaluation in clinical 
studies.

8.8	 �Conclusions

For the in vitro efficacy, dose fractionation stud-
ies performed in hollow-fiber models found that 
altering the dosing schedule had little impact on 
the killing or suppression of resistance emer-
gence, alluding to AUC/MIC as the PK/PD index 
that best describes polymyxin’s activity. For in 
vivo efficacy, the PK/PD index that was the most 
predictive of the antibacterial effect of colistin 
against P. aeruginosa and A. baumannii was 
ƒAUC/MIC. There is considerable variability in 
PAE between strains and bacterial  species. 
Aerosolized polymyxins provide antimicrobial 
effects against MDR P. aeruginosa lung infec-
tions superior to those of parenteral administra-
tions in the in vivo models.
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Table 8.1  Summary of studies evaluating PK/PD index of colistin using animal models

Animal model Study organism
PK/PD 
index Study findings

Neutropenic mouse 
thigh infection model 
[10]

3 strains of P. aeruginosa – 
2 reference strains and a 
clinical MDR strain

ƒAUC/
MIC

ƒAUC/MIC required for different bacterial 
killing at 24 h:
Stasis: 8.34–17.3
1-log10 kill: 15.6–22.8
2-log10 kill: 27.6–36.1
3-log10 kill: 53.3–66.7

Neutropenic mouse 
lung infection model 
[10]

3 strains of P. aeruginosa – 
2 reference strains and a 
clinical MDR strain

ƒAUC/
MIC

ƒAUC/MIC required for different bacterial 
killing at 24 h:
Stasis: 4.07–6.43
1-log10 kill: 12.2–16.7
2-log10 kill: 36.9–45.9
3-log10 kill: 105–141

Neutropenic mouse 
thigh infection model 
[11]

3 strains of A. baumannii – 
A reference strain and two 
clinical MDR strains 
(including 2 colistin 
heteroresistant strains)

ƒAUC/
MIC

ƒAUC/MIC required for different bacterial 
killing at 24 h:a

Stasis: 1.89–7.41
1-log10 kill: 6.98–13.6
2-log10 kill: 17.5–43.0

Neutropenic mouse 
lung infection model 
[11]

3 strains of A. baumannii – 
A reference strain and two 
clinical MDR strains 
(including 2 colistin 
hetero-resistant strains)

ƒAUC/
MIC

ƒAUC/MIC required for different bacterial 
killing at 24 h:a

Stasis: 1.57–6.52
1-log10 kill: 8.18–42.1
2-log10 kill: 22.5–95.0b

Immunocompetent 
mouse lung infection 
model [57]

4 clinical strains of MDR A. 
baumannii

AUC/
MIC

An AUC/MIC of 52.84 decreased the bacterial 
lung concentration (log10 CFU/g) compared to 
controls at 72 h (6.82 ± 3.4 versus 10.6 ± 0.27)

Immunocompetent 
rabbit meningitis 
infection model [57]

4 clinical strains of MDR A. 
baumannii

AUC/
MIC

An AUC/MIC of 83.44 resulted only in a slight 
reduction in median CSF bacterial 
concentration compared to controls at 6 h (4.3 
log10 CFU/ml versus 5.5 log10 CFU/mL)

Immunocompetent 
mouse lung infection 
model [56]

2 clinical NDM-1-producing 
K. pneumoniae and 1 E. coli 
NDM strains

AUC/
MIC

An AUC/MIC of 158.5 resulted only in a slight 
reduction in bacterial lung concentration 
(log10 CFU/g) compared to control at 72 h for 
K. pneumoniae (8.44 ± 2.88 versus 
9.60 ± 1.19) and E. coli (8.39 ± 3.09 versus 
10.62 ± 1.35)

Neutropenic mouse 
lung infection model 
[41]

Wild type P. aeruginosa 
(PAO1) as planktonic 
bacteria and biofilm bacteria

AUC/
MIC

Overall, higher AUC/MIC was required to 
achieve stasis and bacterial kill in biofilm cells 
at 24 h
Stasis: AUC/MICplanktonic = 167, AUC/
MICbiofilm = 500
1-log10 kill: AUC/MICplanktonic = 297, AUC/
MICbiofilm = 867
2-log10 kill: (AUC/MICplanktonic = 433, AUC/
MICbiofilm = 1033

aAmplification of polymyxin-resistant A. baumannii subpopulations was observed in all strains with all dosing 
regimens
b2-log10 kill was not achieved for one MDR strain in the lung infection model
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Abstract
Susceptibility testing of polymyxins has been 
subject to intensive review and revision in 
recent years. A joint working group was estab-
lished by the Clinical and Laboratory 
Standards Institute and the European 
Committee on Antimicrobial Susceptibility 
Testing to establish a reference method. Issues 
examined included the effects of divalent cat-
ions, binding to laboratory materials, and 
addition of polysorbate 80. The working group 
recommended the use of broth microdilution 
without the addition of polysorbate 80 as the 
reference method. Published studies have 
shown that other testing methods, including 
agar dilution, disk diffusion and gradient dif-
fusion, have unacceptably high levels of very 
major errors compared to the reference 
method, and are not recommended for routine 
laboratory use. Most data were for the testing 
of colistin; less information was available for 
polymyxin B.  The joint working group was 

also asked to consider the setting of clinical 
breakpoints for relevant pathogens. This task 
involved examination of the available 
pharmacokinetic-pharmacodynamic, pharma
cokinetic-toxicodynamic and population clin-
ical pharmacokinetic data. All current 
pharmacokinetic-pharmacodynamic targets 
are based on MICs generated using the refer-
ence broth dilution procedure.

Keywords
Colistin · Polymyxin B · Susceptibility 
testing methods · Need for stringent control 
of conditions · Clinical breakpoints

Given that the polymyxin class has been in clini-
cal use for more than 50 years, it would normally 
be assumed that susceptibility testing and the 
associated breakpoints would have been ade-
quately resolved many years ago. However, 
because this class fell into disuse for many years, 
scant attention was paid to either susceptibility 
testing or clinical breakpoints. The resurgence in 
use driven by the emergence and spread of multi-
resistant Gram-negative bacteria has resulted in a 
critical re-appraisal of susceptibility testing, the 
standardization thereof and clinical breakpoints. 
Thus, the last decade has seen a substantial 
upgrade in the types of data and methods to be 
applied in setting clinical breakpoints. 
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Importantly, a clear distinction is now being 
made between breakpoints that distinguish the 
natural population without resistance mecha-
nisms (‘wild type’) and those that distinguish 
between a high probability of cure and a low 
probability of cure. The former is now defined as 
an epidemiological cut-off value (ECOFF), is 
independent of any therapeutic intervention, and 
involves the application of in vitro phenotypic 
data only. The latter are called “breakpoints” or 
“clinical breakpoints” (the words are used syn-
onymously), and are set only when there are suf-
ficient in  vitro, animal model and human 
pharmacokinetic-pharmacodynamic (PK-PD) 
and clinical outcome data [1]. Clinical break-
points are used in the clinical laboratory to indi-
cate whether treatment with an antibiotic is 
feasible or not, provided that the dosing regimen 
given to the patient is adequate.

A Joint Working Group was established by 
the European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) and the 
Clinical and Laboratory Standards Institute 
(CLSI) to determine the most appropriate refer-
ence method for susceptibility testing and the 
setting of clinical breakpoints for the 
polymyxins.

9.1	 �In Vitro Susceptibility 
Testing

A standard reference method  for susceptibility 
testing of antimicrobial agents is only of recent 
origin and was published in 2006. The accepted 
reference method for MIC testing of polymyxins 
is broth microdilution (BMD), as described in 
ISO 20776-1 [2], and is by and large the same as 
those described by CLSI [3] and EUCAST [4] 
with subtle differences. The vast majority of pub-
lished MIC distributions have used this method, 
although a variety of other methods including 
agar dilution and Etest® have been used as well 
(see below for comments). Below, a number of 
issues are described that have a direct effect on 
the MIC value of polymyxins, indicating that 
standardization of testing is extremely important, 
as the conclusions that can be drawn from the test 

results would otherwise be invalid and highly 
misleading.

9.1.1	 �Formulations of Test 
Compounds

It is important to realize that for testing of colistin 
(polymyxin E) the colistin sulfate salt is used as 
the test reagent. The parenteral methanesulfonate 
formulation has almost no activity on its own; it 
is a prodrug [5]. The use of this prodrug will 
therefore give misleadingly high MIC values. 
Since slow conversion of colistin methanesulfo-
nate to free colistin in aqueous solution does 
occur, MICs will be dependent on the circum-
stances that result in more or less conversion [6]. 
There are no such issues for polymyxin B, 
because the injectable product and the test reagent 
are the same, namely the sulfate salt.

9.1.2	 �Effects of Components 
of Polymyxins

Both polymyxin B and colistin contain mixtures 
of components. Colistin is predominantly a mix-
ture of colistin A (E1) and colistin B (E2), which 
differ only in the length of the fatty acyl tail (by 
one carbon) [7]. Polymyxin B is also predomi-
nantly a mixture of polymyxin B1 and polymyxin 
B2, with two other components accounting for 
around 12% [8].

9.1.2.1	 �Colistin
Very recent work at MicroScan Microbiology 
systems, Beckman Coulter Inc. in California has 
shown that the USP standard is predominantly 
colistin A, while that of the Sigma-Aldrich chem-
ical supply company, the most widely used 
reagent for in vitro studies, is predominantly 
colistin B [Sei, personal communication]. This 
suggests that there are substantial differences 
between manufacturers in the balance between 
the two major components of colistin and these in 
turn may result in different MIC values, although 
recent data suggest that these differences are 
likely to be negligible [9].
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9.1.2.2	 �Polymyxin B
Tam et al. [10] have shown that MICs obtained 
against a variety of Gram-negative bacteria using 
Sigma-Aldrich brand polymyxin B components 
do not differ significantly from those observed 
with the USP standard. These investigators also 
reported only modest differences in the MICs of 
polymyxin B1 and B2. This was confirmed by the 
more recent work of Roberts et al. [9]. 

9.1.3	 �Influence of Cations

Calcium ions were shown many years ago to 
reduce the in  vitro activity of colistin and poly-
myxin B against Pseudomonas aeruginosa [11–
13]. Magnesium and some other divalent cations 
(strontium, barium) share this property, at least for 
polymyxin B [11, 13]. Added Ca++ and Mg++ also 
reduced the activity of polymyxin B against sev-
eral other species of Pseudomonas and 
Stenotrophomonas maltophilia [14]. Colistin 
activity has also been shown to be affected when 
adding Ca++ and Mg++ ions to Mueller-Hinton 
broth. The effect may result from the interaction of 
these divalent cations with the outer membrane of 
these target species [11, 13]. It is stated without 
proof that this effect is not observed with 
Escherichia coli, Klebsiella spp., or Proteus spp. 
[12]. Using different experimental conditions, 
however, Chen and Feingold [13] suggested that 
there was an observable effect against E. coli. 
There is no published work examining the effect 
of other cations likely or possibly present in 
Mueller-Hinton broth, such as iron, zinc or manga-
nese which have been documented to vary between 
manufacturers [15] and been shown to affect the 
MIC for some other drugs such as tigecycline [16].

The documented concentration of calcium and 
magnesium ions known to abolish the bacteri-
cidal effect of polymyxin B is 2 mM [13]. This 
translates to concentrations of 80 and 24 mg/L, 
respectively. ISO 16782 stipulated final cation 
concentrations of 20–25  mg/L of calcium and 
10–12.5 mg/L of magnesium in cation-adjusted 
Mueller-Hinton broth used for reference and rou-
tine susceptibility testing [17]. Based on these 
concentrations, partial inhibition of the antibacte-

rial activity of polymyxins against P. aeruginosa 
can be expected [13]. ISO 16782 did not stipulate 
final concentrations of either of these cations in 
Mueller-Hinton agar [17].

As the concentrations of calcium and magne-
sium are controlled in cation-adjusted Mueller-
Hinton broth, this should not present a problem 
for reference or routine broth susceptibility test-
ing. If there is some antagonism of polymyxin 
action, then at least it will occur consistently. 
However, it could potentially affect susceptibility 
testing using agar dilution where calcium and 
magnesium concentrations are not controlled and 
where calcium and magnesium concentrations 
are known to vary between brands [15]. This may 
also pose a problem for disk diffusion testing.

9.1.4	 �Binding to Plastic and Other 
Materials

Recent evidence has emerged that many polyca-
tionic molecules, including colistin and polymyxin 
B, adhere to plastics and other surfaces. Because 
BMD susceptibility testing is conventionally con-
ducted in 96-well plastic microtiter trays, concern 
has arisen that this adherence may have a variable 
and deleterious effect on the accuracy of MIC 
measurements. Microtiter trays can be made from 
polystyrene, polypropylene or polycarbonate, and 
can have their surface charge enhanced for tissue 
culture work by the method discussed below. 
Polystyrene is by far the most commonly used for 
MIC and commercial panel testing.

Binding to plastic and glass has been exam-
ined to some extent by investigators at Beckman 
Coulter Inc. (previously Siemens Healthcare 
Diagnostics), manufacturers of Microscan® pan-
els [Sei, unpublished observations]. The most 
influential effect on binding of colistin to typical 
polystyrene trays is surface charge. This was 
examined by measuring MICs of E. coli ATCC 
25922 and P. aeruginosa ATCC 29753 in plates 
exposed to no external charge, and two levels of 
“corona” (plasma, the fourth state of matter) 
which ionises the plate surface (Table  9.1). 
Exposure to “full corona” could shift MIC values 
upward by at least fourfold.
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In another experiment by these investigators 
supported by the US Centers for Disease Control 
and Prevention, MICs of 12 strains of Gram-
negative bacteria were compared in five testing 
formats. Geometric mean MICs for the different 
formats are shown in Table 9.2.

As part of this experiment, they also under-
took assays of the well/tube contents at different 
colistin concentrations and demonstrated that 
binding was concentration-dependent and satu-
rable (Fig. 9.1).

Table 9.1  Distributions of MICa replicates according to surface charge (corona strength)

Test strain

Corona strength Number at MIC (mg/L)

≤0.25 0.5 1 2
E. coli ATCC 25922 None 21

Half 5 6 6 4
Full 4 12 5

P. aeruginosa ATCC 29753 None 18 2
Half 1 11 8
Full 5 15

aReplicates were done 6 or 7 times in 3 separate brands of Mueller-Hinton broth

Table 9.2  Effect of different surfaces on MICs of 12 bacterial strains

Microscan BMD 
panels

Trek BMD 
panels

Trek BMD 
Panels + Polysorbate 80

Macrobroth glass 
tubes

Macrobroth 
polypropylene tubes

Geo 
mean

0.11 0.94 0.22 0.40 0.42

Range 0.06–2 0.5–4 0.06–8 0.125–4 0.125–4

Fig. 9.1  Binding of colistin to the surface of trays and 
tubes made from different materialsa and by various man-
ufacturersa, over a range of concentrations
aPolyPro  =  polypropylene microtiter tray; MicroScan = 
polystyrene in Beckman Coulter Inc. Microscan® brand 

tray; polystyrene in ThermoFisher’s Trek brand tray; 
P80 = addition of polysorbate 80; Evergreen = brand of 
polystyrene tray
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Another study from the United Kingdom 
examined the impact of using “tissue-culture 
treated” polystyrene microtiter trays (Corning 
brand) on colistin MICs. These trays are treated 
with corona discharge, resulting in a strong nega-
tive surface charge, to ensure maximum cell 
adhesion in cell cultures [18]. Corona treatment 
had a major effect on colistin binding, ranging 
from a 5.5-fold increase for P. aeruginosa to an 
8.1-fold increase for Enterobacteriaceae.

Karvanen et  al. examined the concentration- 
and time-dependent effects of binding to plastics 
(including polystyrene microtiter trays) and glass 
[19]. An exponential reduction in unbound colis-
tin was observed, worst at the lowest concentra-
tion tested (0.125 mg/L) in glass, polypropylene 
and polystyrene tubes. Concentration-dependent 
binding was observed at 0  h and after 24  h of 
incubation at 37  °C; most of the loss occurred 
within 4–8 h (data not shown). How much this 
impacts on susceptibility testing is not known. 
Karvanen and co-workers also documented the 
loss of colistin during the preparation of stock 
solutions [19]. A drop of up to 57% was noted at 
the lower end of the stock solutions when pre-
pared using the ISO-prescribed dilution method. 
Losses were even higher when stocks were pre-
pared by straight serial dilution.

There is currently no information on binding 
to other materials such as Silastic®, rubber or 
other materials used in the preparation of drug 
stock solutions and dilutions.

9.1.5	 �Effect of Polysorbate 80 (P80) 
on ‘Binding’ and MICs 
of Polymyxins

It is known that some other antimicrobial classes 
have high binding to plastic and other materials, 
especially the lipoglycopeptides such as dalba-
vancin [20], and oritavancin [21]. Binding can be 
reduced or even eliminated by the addition of a 
non-ionic surfactant such as polysorbate 80 (P80, 
often known by one of its brand names, Tween® 
80).

A number of experiments have been con-
ducted at MicroScan Microbiology Systems, 

Beckman Coulter Inc. to determine the efficacy 
of P80 in reducing binding of colistin, the most 
recent of which examined this in the plates used 
to develop quality control ranges. P80 was 
included in the broth at 0.002% but not in drug 
dilutions. The most important features of this 
study were the demonstration that binding to 
plastic is concentration-dependent and saturable 
(Fig.  9.2), and influenced by brands/lots of 
Mueller-Hinton broth. They showed that P80 at 
0.002% reduces binding but does not eliminate it.

Hindler and Humphries [22] have published a 
comparison of BMD MICs conducted using 
Evergreen brand microtiter trays with and with-
out P80 at a concentration of 0.002%. They 
clearly demonstrated that the addition of P80 
lowered the MICs of the 50 strains they tested, an 
expected effect if P80 increased free active drug 
in the well. They also demonstrated that the effect 
was dependent on the MIC in the absence of P80, 
with smaller differences between the MICs mea-
sured with and without P80 for less susceptible 
strains.

Sader et al. [23] have recently also shown the 
same phenomenon of reduced MICs in the pres-
ence of P80 at 0.002% for both colistin (Fig. 9.3a) 
and polymyxin B (Fig. 9.3b) against 124 strains 
of Enterobacteriaceae, 60 strains of Acinetobacter 
spp. and 63 strains of P. aeruginosa. Again, a 
concentration-dependent effect was shown.

Unpublished data have kindly been provided 
to the Joint EUCAST-CLSI Working Group on 
Polymyxins by IHMA (http://www.ihmainc.
com/), the US-based company heavily involved 
in international surveillance programs such as the 
“SMART” study. They have conducted some in-
house work comparing MICs generated with and 
without the presence of 0.002% P-80. Because of 
the truncation of MIC values at the lower end, 
most pertinent to Enterobacteriaceae, it is only 
possible to make general observations about their 
data (Table 9.3).

A recent experiment conducted at MicroScan 
Microbiology Systems, Beckman Coulter Inc., 
has thrown a cloud over all previous P80 find-
ings, showing in fact that if anything the addition 
of P80 made colistin MICs higher. The only nota-
ble difference from previous experiments con-
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Fig. 9.2  Effect of polysorbate 80 on binding of colistin to polystyrene trays using three lots of Mueller-Hinton media

Fig. 9.3a  Colistin 
MICs in the presence 
and absence of 
polysorbate 80 [23]

Fig. 9.3b  Polymyxin B 
MICs in the presence 
and absence of 
polysorbate 80 [23]
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ducted there was that the drug dilutions were 
dispensed into their own brand microtiter trays 
using stainless steel equipment and Teflon™-
coated tubing, rather than Silastic® tubing. 
Subsequent testing suggested significant loss of 
colistin when run through Silastic® tubing. The 
effect of corona treatment was again confirmed 
(Table 9.4).

These findings are difficult to explain. 
Communications with other investigators who 
have generated data described above has shown 
that the use of Silastic® tubing for dispensing 
drug solutions would not explain colistin ‘bind-
ing’. For instance, Hindler and Humphries [22] 
only added P80 to the inoculum added to the 
wells in the trays and not to the drug solutions.

9.1.5.1	 �Optimum Polysorbate 80 
Concentration

There are no data on the effect of different con-
centrations of P80 on binding of polymyxins. 
However, it has been shown for dalbavancin that 
the optimum range of P80 concentrations, as 

measured by the greatest effect on lowering 
MICs for S. aureus, was 0.002–0.02% [20]. For 
such antimicrobials a concentration of 0.002% 
is the most widely used in susceptibility 
testing.

9.1.5.2	 �Micelle Formation 
with Polysorbate 80

P80 is known to form micelles above the critical 
concentration of 0.0014% [24]. Thus the typical 
0.002% concentration (=20  mg/L) used in sus-
ceptibility testing is above the critical micelle 
concentration. How this affects drug activity is 
not known. Its potential importance is that 
micelles may sequester drug and reduce the con-
centration of free drug in the test system.

9.1.5.3	 �Quality Control Range Studies 
and the Influence 
of Polysorbate 80

At the January 2013 meeting of the CLSI 
Antimicrobial Susceptibility Testing 
Subcommittee, the results of a formal 8-laboratory 

Table 9.3  Distribution of MICs with and without polysorbate 80

Species P-80 MIC (mg/L)

≤0.125 0.25 0.5 1 2 4 >4
Selected Enterobacteriaceaea Without 8 65 324 61 5 4 20

With 454 2 3 4 1 18
P. aeruginosa Without 1 5 52 98 16

With 54 38 39 41
A. baumannii† Without 44 34 8 5 4

With 75 11 4 3 1 1
aE. coli, K. pneumoniae, E. cloacae, E. aerogenes, C. freundii, C. koseri. All other Enterobacteriaceae species had  
MICs >4 mg/L

Table 9.4  Effects of corona treatment and polysorbate 80 on colistin MICs determined against a range of gram-
negative bacteria

Group Geometric Mean MIC (mg/L)
Corona-treated without 
P80

Corona-treated with 
P80

Untreated without 
P80

Untreated with 
P80

Enterobacteriaceae 
(n = 29)

1.54 2.10 0.12 0.40

A. baumannii (n = 10) 2.46 3.48 0.23 0.47
P. aeruginosa (n = 11) 1.66 2.00 0.16 0.18
Other non-fermenters 
(n = 5)

5.28 5.28 1.74 1.74

9  Polymyxin Susceptibility Testing and Breakpoint Setting



124

CLSI study designed to establish QC ranges for 
colistin and polymyxin B in BMD testing were 
presented [25]. The study included MIC testing 
in the absence and presence of P80. The impor-
tant components of the study were (i) source of 
drug, Sigma-Aldrich; (ii) source of trays, Sarstedt 
brand polystyrene; (iii) source of polysorbate 80, 
Spectrum Chemical; (iv) addition of P80 to 
media, but not to drug dilutions performed before 
dispensing into trays; (v) dissolution and dilution 
of stock drugs in glass tubes, followed by filter 
sterilization, and dispensing into trays through 
Silastic® and/or rubber tubes. The inclusion of 
P80 resulted in ~5.5-fold reduction in MICs for 
E. coli and ~fourfold for P. aeruginosa (Tables 
9.5 and 9.6).

The study was the first clear demonstration 
that Mueller-Hinton medium brand/lot could also 
have an impact on MICs. In 4 of 8 instances, one 
of the three medium lots gave significantly lower 
MICs than those observed with the other two 
medium lots (as tested by Analysis of Variance). 
Importantly, this was only observed with P. aeru-
ginosa ATCC 27853.

Disappointingly, the addition of P80 did not 
reduce the overall assay variance observed in the 
QC study for either colistin or polymyxin B, so in 
this respect did not offer an advantage over per-
forming MIC testing in the absence of P80 
(Table 9.6). The QC study was performed with a 
single set of plastic trays of unknown surface 
charge.

Table 9.5  Effect of polysorbate 80 (P80) on MIC distributions from the CLSI quality control study of colistin and 
polymyxin B [25]

Agent
Quality control strain Additive MIC (mg/L)

0.03 0.06 0.13 0.25 0.5 1 2 4
Colistin E coli ATCC 25922 P80 14 134 82 13 2

None 2 62 152 23 7
P. aeruginosa ATCC 27853 P80 12 53 155 23

None 1 9 93 129 11
Polymyxin B E coli ATCC 25922 P80 2 109 103 22 7

None 61 102 71 8 1
P. aeruginosa ATCC 27853 P80 12 52 139 36 7

None 4 44 159 33 6

Table 9.6  Assay variance (SD) for QC strains from the CLSI QC study

Agent Strain Polysorbate 80 Geometric mean MIC (log2) Geometric SD (log2)
Colistin E. coli 25922 Present −4.089 0.716

Absent −1.618 0.693

Fold difference 5.54
P. aeruginosa 27853 Present −2.722 0.680

Absent −0.924 0.660

Fold difference 3.47
Polymyxin B E. coli 25922 Present −3.817 0.768

Absent −1.381 0.837

Fold difference 5.41
P. aeruginosa 27853 Present −2.606 0.811

Absent −0.528 0.690

Fold difference 4.22
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9.1.6	 �Adherence to Plastic or 
Synergy?

P80 is thought to have antibacterial properties at 
certain high concentrations, although concentra-
tions of 0.05% have been shown to have no effect 
on the short-term viability of P. aeruginosa [26]. 
Results from the same study suggested that P80 
is synergistic with polymyxin B at concentrations 
of P80 as low as 0.001%. However, these studies 
were conducted at a time when the binding to 
plastic and other surfaces was not appreciated, 
and the effect was ignored.

Recently, investigators at Microscan 
Microbiology Systems, Beckman Coulter Inc. 
undertook a novel experiment by conducting 
broth dilution testing in Teflon™-coated trays 
(mini-muffin pans for kitchen use). After con-
firming that there was minimal adherence of 
colistin to the Teflon™ surface of these trays, the 
investigators showed a fourfold drop in MIC in 
the ATCC control strains of E. coli and P. aerugi-
nosa with the addition of 0.002% P80. This 
experiment was repeated and expanded in 
Australia using similar kitchen-use Teflon™-
coated mini-muffin pans [Bell, Li and Nation, 
unpublished observations]. While this brand of 
tray did bind colistin to a small extent, about 
20–30% in the presence or absence of bacteria, 
this amount of binding did not account for the 2- 
to 128-fold reduction in MICs observed with 
addition of 0.002% P80 to 5 of 6 strains of bacte-
ria, the P. aeruginosa control strain and 2 each of 
clinical isolates of K. pneumoniae and A. bau-
mannii complex.

These MIC studies confirmed that the domi-
nant effect on MIC measurements of colistin is 
due to a synergistic activity of this surfactant on 
that antimicrobial agent. MicroScan Microbiology 
Systems, Beckman Coulter Inc., have shown the 
same effect with another non-ionic surfactant, 
Pluronic® P-104 [Sei, unpublished observations]. 
We hypothesise that the synergy of non-ionic sur-
factants with polymyxins is due to a direct action 
of the surfactants on the bacterial outer 
membrane.

9.1.7	 �Summary of Issues Relating 
to Broth Microdilution Testing

Colistin and polymyxin B bind to the plastics and 
probably other materials used in reference BMD 
susceptibility tests and commercial systems. The 
binding is dependent on surface charge, type of 
plastic, brand of plate, and the tubing and pipette 
materials used for plate preparation. The effect is 
concentration dependent and saturable from little 
binding at concentrations of 4 mg/L and higher, 
and up to 90% binding after 24 h at the lowest 
test concentrations (0.03–0.06 mg/L).

Of these factors, the most important by far 
appears to be surface charge, particularly the 
plastic in microtiter trays. The addition of P80 
surfactant appears to reduce the binding of colis-
tin and polymyxin B in most instances, but does 
not completely eliminate it, nor does it appear to 
offer a great advantage or disadvantage from the 
assay point of view, as it does not reduce the 
assay variance.

More important is the evidence that P80 syn-
ergises with colistin and polymyxin B. The effect 
is more potent than that of reducing binding, and 
called into question the value of adding P80 to 
MIC test systems. As a consequence, both 
EUCAST and CLSI have agreed that reference 
MIC testing of polymyxins should not include 
the addition of P80 or other non-ionic 
surfactants.

9.1.8	 �Disc Diffusion Testing

Soon after the introduction of polymyxins into 
clinical practice disc diffusion susceptibility test-
ing was introduced because of the great popular-
ity with the method at the time. Although still 
used in many laboratories, the major change over 
time has been that MIC microdilution testing has 
become the standard of susceptibility testing. The 
immediate consequence is that any susceptibility 
testing method should be referenced to the stan-
dard, including automated methods, gradient 
tests and disk diffusion. With respect to disk sus-
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ceptibility testing of polymyxins, results have 
been disappointing, probably because the size 
and charge of the molecules results in poor diffu-
sion through agar. Very soon after introduction of 
the BMD MIC method, it was shown by Matsen 
et al. that there was very poor correlation between 
disk zone size and BMD MIC [27].

In more recent years, in an extensive study 
involving 200 bloodstream isolates, Gales and 
colleagues [28] documented clearly that there is a 
serious problem with very major errors associ-
ated with disk diffusion testing of both colistin 
and polymyxin B.  They concluded that clinical 
laboratories should exclusively use MIC methods 
to assist the therapeutic application of colistin or 
polymyxin B.  These observations were later 
again confirmed in comparative studies by Tan 
and Ng [29], Lo-Ten-Foe et al. [30], Moskowitz 
et al. [31] and Maalej et al. [32] who all observed 
significant rates of false susceptibility with disc 
diffusion. In addition, in a recent study with 10, 
25 or 50 μg colistin disks, resistant and suscepti-
ble isolates could not be reliably separated 
[Kahlmeter and Matuschek, personal communi-
cation]. The current view is that disk susceptibil-
ity testing is unreliable and should not be used for 
susceptibility testing in the clinical laboratory.

9.1.9	 �Gradient Diffusion Methods

Two commercial strips for gradient diffusion 
testing are available, those of bioMérieux (Etest®) 
and Liofilchem (MTS®). The Etest in particular 
has been compared to other testing methods by 
several authors and has shown conflicting results 
[30, 32–34], but when compared to reference 
BMD MIC testing, always showed significant 
proportions of very major errors [30, 33]. Both 
brands were recently compared to the standard 
method and both showed significant major errors 
in a recent comparison by the EUCAST 
Development Laboratory [35]. The EUCAST has 
placed a warning on their website in 2016 against 
using the gradient methods (http://www.eucast.
org/ast_of_bacteria/warnings/) until such time as 
the manufacturers are able to address the prob-

lems (at the time of writing, one brand was still 
commercially available).

9.1.10	 �MIC Distributions and ECOFFs

Current methods to determine the susceptibility 
of micro-organisms are not very reproducible 
when compared with other clinical tests. This is 
due to both  the inherent biological variation of 
micro-organisms  and assay variation. MICs are 
normally determined using a twofold dilution 
series of the antimicrobial agent and the MIC dis-
tribution of the wild-type strains tested is log-
normally distributed. Moreover, repeated 
measurement of the same strain will provide 
MICs that show at least a 50–100% coefficient of 
variation. MICs of strain collections therefore 
always show a log-normal distribution in the wild 
type, and the variation within that distribution is 
due to both intra- and inter-laboratory variation. 
MIC distributions are specific to each combina-
tion of species and antimicrobial agent. MIC dis-
tributions for a very broad range of species/
antimicrobial combinations can be found at the 
website of EUCAST (http://mic.eucast.org/
Eucast2/).

Methods have been sought to describe MIC 
distributions statistically, and in particular to 
determine whether strains are wild type or non-
wildtype. This has led to the introduction of the 
concept of epidemiological cutoff values 
(ECOFFs) which are MIC values that mark the 
high end of the wild-type distribution.

9.1.10.1	 �Colistin MIC Distributions
BMD MIC distribution data and ECOFFs for 
colistin are on the EUCAST website: http://mic.
eucast.org/Eucast2/, and were updated (February, 
2016) using more stringent rules of data accep-
tance that are under development by EUCAST.

9.1.10.2	 �Polymyxin B MIC 
Distributions

There are few published data on MIC distribu-
tions of polymyxin B, and none currently listed 
in the EUCAST website. Only three publications 
currently provide on-scale MIC distribution data 
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for polymyxin B by species [33, 36, 37]. The data 
from two of these studies, as well as data obtained 
from the SENTRY surveillance program [Sader, 
personal communication, 2015], where BMD 
was used, are shown in Table 9.7. Sader et al. [38] 
have shown that polymyxin BMD MICs tend to 
be higher for polymyxin B when compared 
directly with colistin for the wild-types of three 
species, E. coli, K. pneumoniae and P. 
aeruginosa.

9.2	 �Breakpoint Setting

Since 2000, the methods for selecting interpretive 
criteria (breakpoints) for susceptibility tests have 
undergone profound change. Prior to that time, 
much weight was applied to MIC distribution 
data, although pharmacokinetic and some phar-
macodynamic data were taken into account in 
some European committees but not elsewhere 
[39]. Clinical data were used where available, 
although clinical trial design improved 
considerably after 2000. Since that time, the  
science of antimicrobial pharmacokinetic-
pharmacodynamics (PK-PD) has come to provide 
a suite of tools to integrate susceptibility data with 
pharmacokinetics, based on knowledge of PK-PD 
indices (ƒT>MIC, ƒAUC24/MIC and ƒCmax/MIC) 
and their respective target values associated with 
efficacy. PK-PD is now an integral part of the 
breakpoint setting standards applied by EUCAST 
and CLSI committees.

The process of setting clinical breakpoints 
involves several steps and procedures, both pre-
clinical and clinical, as described Mouton, et al. 
[39]. Ideally, each step is known and taken into 
account when setting the clinical breakpoint, and 
for new drugs this information is generally avail-
able, or becomes available during the develop-
ment of the drug. However, for polymyxins a 
substantial amount of this information is not 
available. At the time of registration of the poly-
myxins, the PK-PD of antimicrobial agents as a 
science did not exist and there was no reference 
method for susceptibility testing.

Polymyxins, like other ‘old antibiotics’, there-
fore needed redevelopment using modern stan-
dards in order to determine breakpoints. Although 
much information has become available in recent 
years, there are still many gaps that need to be 
filled. Below, we discuss the most important 
issues: the pharmacodynamic target, pharmaco-
kinetics in patients and the modelling to deter-
mine the probability of target attainment (PTA). 
These processes ultimately lead to the setting of 
clinical breakpoints.

9.2.1	 �The Pharmacodynamic Target 
of Polymyxins

The pharmacodynamic target (PT) of an antimi-
crobial involves two types of studies. In the first, 
time-kill experiments are conducted to determine 
whether the drug shows primarily time-dependent 

Table 9.7  Distributions of polymyxin B (sulfate) MIC

Ref Species 0.03 0.06 0.125 0.25 0.5 1 2 4 8 ≥ 16
a P. aeruginosa 20 26 26 4 1
Ref Species ≤ 0.5 1 2 4 8 16 32 64 >64
b E. coli 29 14 8 2 6 2

K. pneumoniae 39 9 2 1 0 4 6 1
P. aeruginosa 2 29 18 4 1 2 2 1 4

Ref Species 0.125 0.25 0.5 1 2 4 8 ≥ 16
c E. coli 4 466 4463 1340 15 20 5

Klebsiella spp. 1 43 2368 1561 35 30 40 100
P. aeruginosa 3 12 95 1850 1854 4 0 3

a. van der Heijden et al. [33]
b. Vaara et al. [37]
c. Sader, personal communication, 2015
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or concentration-dependent killing. Maximum 
kill at relatively low concentrations proceeding 
over time is usually associated with time-
dependent effects, and efficacy thus primarily 
correlated with the time the concentration of the 
drug remains above the MIC, usually expressed 
as %fT>MIC, where “f” refers to the unbound 
fraction of drug. In contrast, increased killing as 
a result of increasing concentrations is usually 
associated with area under the time-concentration 
curve (AUC), most often taken over 24 h, divided 
by the MIC of the target organism (fAUC24/MIC). 
Killing curves for polymyxins show 
concentration-dependent killing [40], which gen-
erally predicts that bacterial killing in vivo is 
associated with AUC.

As suggested above, protein binding of an anti-
microbial agent must be accounted for in determi-
nation of PK-PD indices. The initial experiments 
with protein binding indicated that it might be 
concentration-dependent [41]. This subsequently 
proved to be an artefact of the assay systems used, 
due to the adherence of colistin and polymyxin B 
to laboratory plastics and surfaces. When this pro-
cess was controlled for, it was shown that protein 
binding was not concentration-dependent, and 
values were found for the percent binding in 
human volunteers and in infected patients, both 
approximately 50% [42].

Studies to determine the PK-PD indices that 
predict killing have been undertaken so far for 
colistin against P. aeruginosa and Acinetobacter 
baumannii in murine thigh and lung infection 
models [42] and against Klebsiella pneumoniae 
in an in vitro PK-PD model [43]. There is a report 
of a PK-PD study with polymyxin B against P. 
aeruginosa in an in vitro model [44] and a report 
of a study in murine thigh and lung infection 
models [45]. All of the above-mentioned studies 
indicated that the fAUC/MIC ratio is the PK-PD 
index that is most predictive of efficacy. For poly-
myxin B, notwithstanding the qualitative similar-
ity in the nature of the PK-PD relationship 
between the two studies, there was a substantial 
quantitative difference. For example, over the 
same range of fAUC/MIC (exposure) values, up 
to six-log10 bacterial killing was achievable in the 

in vitro model [43] but less than two-log10 bacte-
rial killing was possible in the murine thigh 
infection model and no killing was observed in 
the lung infection model [45]. In addition, in the 
latter study, there was a relatively wide range in 
the fAUC/MIC target values for stasis and one-
log10 kill in the thigh model. Clearly, more PK-PD 
data are required for K. pneumoniae and for poly-
myxin B.

The most recent of the colistin studies [42], 
conducted in the neutropenic mouse thigh and 
lung models of P. aeruginosa and A. baumannii 
infection, established target values for fAUC24/
MIC for stasis and one- and two-log10 killing at 
the site of infection. For thigh infection, a mean 
target fAUC24/MIC ratio of ~9 for one-log10 kill 
and ~12 for two-log10 kill was observed. For lung 
infection, target fAUC24/MIC ratios were much 
higher, and were considered to be unachievable 
in clinical practice based upon the finding that 
there is a substantially increased risk of nephro-
toxicity in critically ill patients when the average 
steady-state plasma colistin concentration 
exceeds ~2.5 mg/L [46, 47].

9.2.2	 �Human Pharmacokinetics

The next step in breakpoint setting, after PK-PD 
targets have been established, is to choose appro-
priate human estimates of the pharmacokinetic 
parameter of interest, in this case, fAUC24. Most 
commonly, this is done using population PK 
studies, either from human volunteer studies, or 
preferably PK studies in patients with infections. 
A number of such studies have now been pub-
lished [48–52]. An important feature of colistin is 
that the parenteral preparation is the methanesul-
fonate, an inactive prodrug which is cleared by 
the kidney and slowly broken down in plasma 
and tissue to the active colistin molecule. As a 
consequence, colistin exposure is very strongly 
influenced by the degree of renal function [52, 
49, 51].

The most useful data for assisting in break-
point setting that are available is from a large 
international multicenter trial of colistin treat-
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ment in infected intensive care patients [53, 52]. 
Due to the nature of the types of patients treated 
with colistin, the study found patients with an 
extremely broad range of creatinine clearances, 
which meant that estimates of target attainment 
had to be calculated across groups comprising 
different degrees of renal function. In order to do 
this, both the FDA [54] and the EMA [55] dosing 
recommendations for patients with different lev-
els of renal function must be considered because 
they differ somewhat in their recommendations, 
but reflect the dosing regimens most widely used 
internationally. The analyses have assumed that 
there is 50% protein binding in humans, and that 
the appropriate target value for fAUC24/MIC is 
12, based on the mouse thigh infection model 
study for at least two log10 of killing [42]. Note 
that the parameter chosen by Nation et  al. [53, 
52], namely average steady-state plasma colistin 
concentration of total drug, relates to fAUC24 as 
follows. At 50% protein binding a fAUC24 of 12 
is equivalent to a total drug AUC24 of 24, which in 
turn is equal to an average steady-state plasma 
colistin concentration of total drug of 1 mg/L (i.e. 
24  mg*h/L divided by 24  h). In essence, this 
means that the target average steady-state plasma 
colistin concentration is equal to the MIC of the 
infecting organism.

It is clear from these analyses that at a colistin 
MIC of 0.5  mg/L adequate target attainment 
(>90%) is likely to be achieved with both the 
FDA and the EMA dosing recommendations 
[53]. At a colistin MIC of 1 mg/L the attainment 
percentages are more variable: using FDA dosing 
recommendations there is low target attainment 
(<30%) at the lowest and highest levels of renal 
function, while with the EMA recommendations, 
low target attainment is seen only with patients 
having creatinine clearance >80 mL/min (<40% 
target attainment). For a colistin MIC of 2 mg/L, 
only the EMA dosing recommendations were 
able to achieve satisfactory target attainment for 
the three lowest renal function categories (i.e. 
patients with creatinine clearance <80 mL/min). 
As 2 mg/L is the epidemiological cut-off value 

for A. baumannii, the Joint CLSI-EUCAST 
Working Group on Polymyxins recommended a 
colistin breakpoint for this species of 2  mg/L, 
accompanied by the recommendation of using 
maximum recommended dose. It also led 
EUCAST to lower the P. aeruginosa breakpoint 
from the previous value of ≤4 mg/L, even though 
a small proportion of the wild-type population 
has an MIC of 4 mg/L. In addition, because of the 
less than optimum attainment for some degrees 
of renal function, the Working Group also recom-
mended that there be no “Intermediate” category 
for the interpretive susceptibility test criteria.

In making its breakpoint recommendations to 
CLSI and EUCAST, the Joint Working Group 
was aware that these recommendations were 
based on murine thigh and lung infection models 
only, and that validation of the PK-PD targets 
will be required from prospective clinical studies. 
Furthermore, the data from the murine models 
would suggest that target attainment is subopti-
mal in pulmonary infections caused by these two 
species, and thus the recommended breakpoints 
may not apply in this setting.

9.2.3	 �Future Goals

There is further work to be done on breakpoint 
setting. For example:

•	 Data on clinical response rates by colistin 
MIC for P. aeruginosa and A. baumannii are 
lacking.

•	 More information is awaited on the PK-PD 
target fAUC/MIC ratios for 
Enterobacteriaceae. In the meantime, both 
EUCAST and CLSI will work with an epide-
miological cut-off value of 2  mg/L for this 
group of micro-organisms.

•	 There are insufficient data in all the areas for 
polymyxin B: MIC distributions, PK-PD tar-
get data, and human PK data.

These are all eagerly awaited.
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Abstract
Two different labelling conventions for the 
contents of colistin methanesulfonate (i.e. 
colistin base activity [CBA] and international 
unit [IU]) are used in different parts of the 
world, and have caused prescribing errors and 
patient safety issues. This chapter discusses 
the key issues on the conversion between CBA 
and IU, and highlights that in pharmacokinetic 
analyses only the absolute mass of the chemi-
cal colistin methanesulfonate should be 
employed, but not the CBA or IU values. The 
scientific evidence is unknown for the limits 
specified for the pharmacopeial standards of 
the major components of colistin methanesul-
fonate and polymyxin B. The package infor-
mation of parenteral colistin methanesulfonate 

in Europe has now been significantly improved 
by incorporating the latest pharmacokinetic/
pharmacodynamic data. However, the current 
package information of almost all different 
brands of parenteral polymyxin B products is 
substantially out of date without solid pharma-
cological data. Updating the package informa-
tion of different products of both polymyxins 
requires the coordination between major regu-
latory authorities and will significantly facili-
tate the optimisation of their use in patients.

Keywords

Polymyxin B · Colistin · Labelling conven-
tion · Product information · Pharmacopeial 
standard

Polymyxins are one of the very few ‘old’ antibiotic 
classes that have been ‘redeveloped’ by academics 
and clinicians since the early 2000s using contem-
porary drug development procedures (Chap. 1). 
Colistin (i.e. polymyxin E) and polymyxin B are 
the only two polymyxins available for clinical use. 
Unlike polymyxin B which is used as its sulfate 
salt, colistin is available as an inactive prodrug 
colistin methanesulfonate (sodium salt; also 
known as colistimethate [1]) for intravenous, intra-
thecal and inhalation administration in patients in 
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most countries. Unfortunately, two different and 
confusing conventions have been used around the 
world to label the contents of parenteral products 
of colistin methanesulfonate: international unit 
(IU, mainly in Europe) and colistin base activity 
(CBA, largely in America and Asia) [2–4]. These 
terms may cause prescribing errors and signifi-
cantly compromise patient safety ([2–4], ISMP 
[5]). There is also a product of colistin sulfate 
available for intravenous administration in China 
[6]. This chapter discusses three polymyxin drugs: 
(1) colistin methanesulfonate, (2) polymyxin B 
and (3) colistin; and reviews the different labelling 
conventions of colistin methanesulfonate and 
polymyxin B products and the approaches to pro-
mote their safe use in patients.

10.1	 �Labelling Conventions 
of Colistin Methanesulfonate 
and Polymyxin B Products

10.1.1	 �Colistin Methanesulfonate 
Products

Products of colistin methanesulfonate are an 
extremely complex mixture of various methane-
sulfonated derivatives of colistin A, colistin B 
and many other components [7, 8]. It is unknown 
in the literature how two different antibacterial 
activity units were originally employed to label 
the vial content of colistin methanesulfonate 
products in different regions of the world. The 
labelling convention of IU per injection vial is 
employed mainly in Europe, the United Kingdom, 
and India. In North and South America, 
Singapore, Malaysia, New Zealand and Australia, 
the convention of milligrams of CBA is used to 
label parenteral products of colistin methanesul-
fonate. Unfortunately, in Australia the number of 
IU is also used for labelling the dose and vial 
contents of an inhalation product of colistin 
methanesulfonate named Tadim® (https://www.
phebra.com/product/colistimethate-sodium/). 
This is very confusing and problematic for clini-
cians in Australia, given that milligrams of CBA 
is also employed in the Colistin Link Parenteral® 
product for intravenous use [9].

Milligrams of CBA sounds like a mass unit; 
however, it is very important to note that both 
CBA and IU are based upon the antibacterial 
activity measured by microbiological assays in 
vitro [3]. Such microbiological assays require 
overnight incubation of agar plates at 35–37 °C 
with bacteria treated by antibiotics, before an 
inhibition zone is formed. As colistin methane-
sulfonate is not stable under such conditions, 
ongoing conversion to colistin occurs in the agar 
plate during the overnight incubation. Hence, the 
units of CBA and IU obtained are only apparent 
values for the antibacterial activity. These values 
do not represent the absolute amount of the 
chemical colistin methanesulfonate in injection 
vials, nor do they indicate the amount of colistin 
that will be formed in an individual patient as this 
will be influenced by the renal function of the 
patient (see Chap. 15). Therefore, these values 
cannot be used for any pharmacokinetic/pharma-
codynamic (PK/PD) purposes. Accordingly, nei-
ther CBA nor IU values should be used in 
pharmacokinetic analyses. For the conversion 
between the two very different conventions, the 
absolute mass of colistin methanesulfonate plays 
an important role, i.e. ~80  mg of the chemical 
colistin methanesulfonate  =  one million IU 
(MIU) = ~33.3 mg of CBA. A given number of 
milligrams of CBA is equivalent to approxi-
mately 2.4 times (i.e. 80÷33.3) that number of 
milligrams of the chemical colistin methanesul-
fonate. Even though expressing the dose in mil-
ligrams of the chemical colistin methanesulfonate 
reflects the amount of the vial content, this may 
further complicate the already existing two dif-
ferent labelling conventions (i.e. CBA and IU) 
used since the late 1950s. Table  10.1 shows a 
conversion between CBA and MIU for colistin 
methanesulfonate. A publicly available iPhone 
and iPad app was recently developed for dose 
calculations of intravenous colistin methanesul-
fonate in patients and provides the conversion 
between CBA and MIU (https://itunes.apple.
com/us/app/colistindose/id1336806844?mt=8).

Clinical use of colistin methanesulfonate 
around the world is substantially confounded by 
the expression of doses using different conven-
tions [3, 4]. Importantly, the different conven-
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tions have a significant impact on the ability of 
clinicians to optimally use this last-line antibiotic 
with maximal antibacterial effect. The confusing 
labelling can also compromise patient safety as 
polymyxins have a narrow therapeutic window 
[10, 11]. International harmonization was called 
for labelling colistin methanesulfonate products 
when the problematic labelling conventions were 
first identified in 2006 [2, 3]. At the 
First  International Conference on Polymyxins 
(Prato, Italy, 2–4 May 2013), international lead-
ers in research and clinical use of polymyxins 
and the attendees from 27 countries reached a 
consensus on reporting of colistin methanesulfo-
nate doses [12]. Recommendations were made 
for publishing of papers on clinical use of colistin 
methanesulfonate in international journals [4]. 
The Prato Consensus recommends that for a clin-
ical paper, an equivalence should be provided in 
the methods section for the two major conven-
tions of labelling colistin methanesulfonate, such 
as that 1 million IU is equivalent to ~33.3  mg 

CBA [3, 4, 12]. When reporting methods used in 
clinical pharmacokinetic studies, it is essential to 
provide an equivalence to the absolute mass of 
the chemical colistin methanesulfonate (e.g. 1 
million IU or 33.3  mg CBA is equivalent to 
~80 mg colistin methanesulfonate); the CBA or 
IU values must not be used in pharmacokinetic 
analyses. In the sections of Introduction, Results 
and Discussion of any clinical paper, expressing 
doses in terms of milligrams of colistin methane-
sulfonate should be avoided, considering any 
potential dosing errors. Instead, colistin methane-
sulfonate doses should be expressed with the 
convention used in the region of the world where 
the study was conducted (i.e. number of IU or 
milligram of CBA) [4]. For example, in clinical 
studies from Europe, only IU should be used 
except in the methods section. These recommen-
dations aim to minimize potential confusions 
between milligram of CBA and milligram of the 
chemical colistin methanesulfonate (i.e. 33.3 mg 
CBA is equivalent to ~80  mg colistin 
methanesulfonate).

10.1.2	 �Parenteral Products 
of Polymyxin B Sulfate

Unlike colistin methanesulfonate, products of 
polymyxin B from different regions have only one 
labelling convention, i.e. units; each milligram of 
pure polymyxin B base is equivalent to 
10,000 units of polymyxin B. For polymyxin B 
sulfate, 1 mg of pure polymyxin B sulfate corre-
sponds to approximately 8,300 IU [13], which is 
also consistent with the different molecular 
weights of polymyxin B base and polymyxin B 
sulfate. If we assume that the molar  ratio of the 
two major polymyxin B components B1 (molecu-
lar weight  =  1203.5) to B2 (molecular 
weight  =  1189.5) is 1, the average molecular 
weight of polymyxin B is approximately 1196.5. 
Therefore, 1  mg pure polymyxin B sulfate 
(molecular weight  =  1441.7) should contain 
0.8299 mg polymyxin B base, i.e. 8,299 IU. As 
stated in the package insert, polymyxin B sulfate 
products should have a potency of ≥6,000 units 
per mg calculated on the anhydrous basis [14–18]. 

Table 10.1  Look-up table of the conversion between 
CBA and MIU, based on one million IU = 33.3 mg CBA

CBA mg Million international unit (MIU)
100 3.00
110 3.30
120 3.60
130 3.90
140 4.20
150 4.50
160 4.80
170 5.10
180 5.40
190 5.70
200 6.00
210 6.30
220 6.60
230 6.90
240 7.20
250 7.50
260 7.80
270 8.10
280 8.40
290 8.70
300 9.00

Please note the factor of 33.3 may slightly vary from dif-
ferent brands and batches of colistin methanesulfonate 
products

10  Labelling Conventions and Product Package Insert of Parenteral Polymyxins
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In pharmacokinetic analyses, correct dose values 
of polymyxin B base in mg should be employed.

10.1.3	 �Parenteral Products of Colistin 
Sulfate

To the best of our knowledge, there is a parenteral 
product of colistin sulfate available in China [6]. 
There is very limited pharmacological informa-
tion in the literature on intravenous colistin sul-
fate in patients. Therefore, parenteral colistin 
sulfate will not be discussed in Sects. 10.2 and 
10.3 below. Nevertheless, this parenteral product 
of colistin sulfate is labeled as 0.5 million IU per 
vial (1 mg of pure colistin base = 17,000 IU of 
colistin), and the recommended dosage regimen 
in renally healthy patients is 1–1.5 million IU per 
day (i.e. 58.8–88.2  mg colistin base) in 2–3 
doses. For a 60-kg patient, the highest dose of 
intravenous colistin appears about half of that 
recommended for polymyxin B (Sect. 10.3).

In summary, to optimize the use of polymyx-
ins in critically-ill patients, it is essential for cli-
nicians to understand the different activity units 
and terms employed by different colistin meth-
anesulfonate products in different regions of the 
world. Fortunately, the labelling conventions for 
the parenteral products of polymyxin B sulfate 
and colistin sulfate are less confusing and rela-
tively easy to understand.

10.2	 �Pharmacopeial Standards 
of Colistin Methanesulfonate 
and Polymyxin B

Both polymyxins contain multiple components, 
colistin A (i.e. polymyxin E1) and B (i.e. poly-
myxin E2) for colistin, and polymyxin B1 and B2 
for polymyxin B (Chap. 2). As colistin and poly-
myxin B are prepared by fermentation, manufac-
ture is difficult to control compared to synthetic 
processes, leading to variable and less predict-
able product composition and impurity profiles 
[19]. Different brands of colistin methanesulfo-
nate and polymyxin B may have different 
molar ratios of their respective major components 

[20]. Quality control limits for the major compo-
nents of colistin and polymyxin B are missing in 
the US Pharmacopeia [21]. Limits for the major 
components of polymyxin B are provided in the 
European and British Pharmacopeia (i.e. sum of 
polymyxin B1, B2, B3 and B1-I ≥ 80.0%) [22, 
23]; while only the latter specified the limits for 
the major components of colistin methanesulfo-
nate (i.e. the colistin starting material must have 
colistin A 50–75% and colistin B 5–20%) [22, 
24]. Furthermore, it also specified that the sum of 
all major methanesulfonated derivatives of colis-
tin methanesulfonate A and B should be ≥77.0% 
[22].

The scientific evidence is unknown for the 
limits specified by the British Pharmacopeia 
(2018) and European Pharmacopoeia (2017) for 
colistin A, colistin B, colistin methanesulfonate 
A and colistin methanesulfonate B.  Colistin 
methanesulfonate is a very complex mixture of 
multiple methanesulfonate intermediates 
(Fig.  10.1) [8]. On top of the aforementioned 
complexity due to multiple colistin components, 
the sulfomethylation of colistin also substantially 
increases the complexity of the product [7, 8, 22, 
24–26]. Methanesulfonate groups can be coupled 
onto any of the five Dab residues of each colistin 
component [7, 22, 24, 26]; therefore, the 
extremely complex resulting mixture makes 
challenging, indeed virtually impossible, the 
labelling of the injection vial contents based on 
the chemical composition. As colistin methane-
sulfonate derivatives are usually not stable in 
aqueous solutions, it is difficult to accurately 
measure the proportion of each methanesulfo-
nated derivative. It has been demonstrated that 
different brands of colistin methanesulfonate 
may have different compositions [25]. That study 
using high-performance liquid chromatography 
(HPLC) showed that four different brands of par-
enteral colistin methanesulfonate from Europe, 
Asia and North America had different HPLC fin-
gerprints [25]. Elemental analysis results demon-
strated similar elemental compositions of the 
four brands of colistin methanesulfonate products 
from three continents (Table 10.2). Furthermore, 
in a rat pharmacokinetic model intravenous 
administration of different brands of colistin 
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methanesulfonate products led to different expo-
sures to the formed colistin, the antibacterial 
entity [25]. Therefore, caution is required in the 
interpretation of pharmacokinetic and pharmaco-
dynamic studies of colistin methanesulfonate 
conducted in different parts of the world.

Recent pharmacological studies demonstrated 
that different components of colistin and poly-
myxin B may have different pharmacokinetic, 
activity and toxicity profiles [27, 28]. Therefore, 
specifying the molar  ratio of major colistin and 
polymyxin B components in parenteral products 
is desirable. Unfortunately, limits of the multiple 
components of polymyxin products in different 
pharmacopeias are inconsistent. As both colistin 

and polymyxin B have a low therapeutic index 
[10–12], careful re-evaluation of the current 
pharmacopoeia standards is urgently required.

10.3	 �Product Package Inserts 
of Colistin Methanesulfonate 
and Polymyxin B

To promote optimal and safe use of both poly-
myxins in the clinic, it is essential that clinicians 
are provided with the latest pharmacological 
information. Unfortunately, for almost all differ-
ent brands of parenteral polymyxin B sulfate, the 
current package information is substantially out 

Fig. 10.1  HPLC chromatogram of CMS solution prepared from Promixin (Zambon, Bresso, Italy; a freeze-dried phar-
maceutical preparation containing no excipients) [8]. Permission obtained from Elsevier

Table 10.2  CMS (sodium) contents per vial (n = 3) of four different brands and elemental analysis (%) [25]

X-GEN (USA) Paddock (USA) Atlantic (Thailand) Forest (UK) Theoretical value
Vial label 150 mg CBA 2 million IU –
Weight (mg/vial) 366.8 ± 0.80 340.6 ± 0.08 380.0 ± 5.97 159.3 ± 1.75 –
Carbon 34.56% 34.91% 34.41% 34.67% 39.60%
Hydrogen 5.87% 5.86% 5.80% 5.95% 6.07%
Nitrogen 10.95% 11.42% 11.22% 11.22% 12.85%
Oxygen 34.26% 36.83% 34.46% 34.91% 25.69%
Sulfur 10.35% 9.76% 8.71% 8.80% 9.19%
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of date with the pharmacological data obtained 
more than five decades ago. The European 
Medicines Agency rapidly responded to the Prato 
Consensus after the First International Conference 
on Polymyxins in 2013 and the package informa-
tion of parenteral colistin methanesulfonate in 
Europe has now been substantially improved by 
incorporating the latest pharmacokinetic/phar-
macodynamic data [29]. The product information 
of many different brands of colistin methanesul-
fonate in the other parts of the world still contains 
very confusing or even wrong information, in 
particular on their pharmacokinetics [3, 12, 30]. 
This section will review the major errors in the 
package information sheets of colistin methane-
sulfonate (sodium) and polymyxin B sulfate. As 
pharmacokinetic data for colistin (sulfate) in 
patients are not available in the literature, paren-
teral products of colistin sulfate will not be dis-
cussed below.

Colistin Methanesulfonate  Except those in 
Europe, the package information of most colistin 
methanesulfonate products is based on studies 
conducted more than half a century ago and does 
not provide accurate pharmacological informa-
tion to clinicians [3, 12, 30]. For example, the 
serum drug concentration  - time profile in the 
package information for products available in the 
USA and some other regions was obtained using 
microbiological assays [31–33]; therefore, con-
centrations of CBA (labelled in terms of mg/L) in 
serum are misleading and not correct due to the 
ongoing conversion of colistin methanesulfonate 
to the antibacterial colistin during the microbio-
logical assay (Sect. 10.1.1). In the recently 
updated package information of European prod-
ucts, the first scientifically-based dosing recom-
mendations (Chaps. 12 and 15) [12] were 
included [29]. For example, in the package infor-
mation by Teva UK Limited the dosing regimens 
for patients on different renal replacement ther-
apy have been provided based on the largest pop-
ulation pharmacokinetic study in critically-ill 
patients to date [34–36]. In North America, it 
appears that the package information of colistin 
methanesulfonate products has not been substan-
tially updated as of June 2018. Clearly, global co-

ordination is essential among regulatory 
authorities in different continents, in particular 
between EMA and FDA.

Polymyxin B  Over the last decade significant 
progress has also been made in understanding the 
pharmacology of polymyxin B [10, 37–44] (also 
Chaps. 12, 14 and 15). It appears that intravenous 
polymyxin B is increasingly used more fre-
quently in North America, South America and 
Asia due to its better PK/PD characteristics com-
pared with colistin methanesulfonate, except for 
certain indications including treatment of urinary 
tract infections [10, 12, 37, 44, 45]. Unfortunately, 
the package information of polymyxin B prod-
ucts is not helpful and has seriously limited the 
optimization of this important last-line antibiotic 
in the clinical setting.

For example, no plasma concentration - time 
profile is provided in product information for 
polymyxin B sulfate products. The Clinical 
Pharmacology section is superficial and lacks 
basic pharmacokinetic information. Furthermore, 
the susceptibility breakpoints require updating 
and the in vitro susceptibility measurement using 
disk diffusion assay has been demonstrated inap-
propriate for determining polymyxin MICs [46]. 
For intravenous administration, the recom-
mended dosage regimen in the package informa-
tion is 15,000–25,000  units/kg/day in patients 
with normal kidney function and the total daily 
dose should not exceed 25,000 units/kg/day [15, 
18]. Although the package information recom-
mends that doses should be reduced for patients 
with kidney impairment [14, 16, 17], from the 
PK/PD point of view this is not supported by 
recent population pharmacokinetic studies [37–
41, 45] (also Chaps. 14 and 15). When acute kid-
ney injury occurs, reducing the dose in renally 
impaired patients may be reasonable; neverthe-
less, more clinical pharmacological studies are 
warranted on the PK/PD and toxicodynamics of 
polymyxin B. For patients on renal replacement 
therapy, information is lacking on the optimal 
dosage regimens in the package insert. Based on 
the data from a very small number of patients 
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thus far, it has been suggested that the 
recommended polymyxin B doses should not be 
reduced for patients on continuous venovenous 
haemodialysis [42, 43]. A recent animal PK/PD 
study revealed that, similar to colistin against 
Pseudomonas aeruginosa and Acinetobacter 
baumannii [47], fAUC/MIC is the most predic-
tive PK/PD parameter for parenteral polymyxin 
B against Klebsiella pneumoniae using mouse 
thigh and lung infection models [48]. No signifi-
cant difference was observed in the antibacterial 
activity between polymyxin B and colistin with 
equimolar doses in infected mice [48]. In sum-
mary, significant gaps in the preclinical and clini-
cal pharmacology of polymyxin B should be 
addressed, and scientifically-based dosing guide-
lines for polymyxin B are urgently needed for 
different types of patients (e.g. on renal replace-
ment therapy).

In conclusion, confusing package information 
of colistin methanesulfonate and polymyxin B 
products may cause potential medication errors 
and impede optimal clinical use. Updating the 
package information of different products is 
required globally based on the recent pharmaco-
logical studies; and coordination between major 
regulatory authorities (e.g. EMA and FDA) is 
crucial. Before new antibiotics become available 
for Gram-negative ‘superbugs’, we must opti-
mize the clinical use of the last-line polymyxins, 
thereby maximizing antibacterial efficacy while 
minimizing emergence of resistance and 
nephrotoxicity.
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Meta-analysis of Polymyxin Use 
in Patients

Mical Paul, Oren Zusman, and Leonard Leibovici

Abstract
In this chapter, we systematically reviewed 
studies that assessed polymyxin’s effective-
ness and summarized results through meta-
analysis. The outcomes addressed were 
all-cause mortality, assuming that for patients 
with severe multidrug-resistant infections sur-
vival is the most important outcome, and 
resistance development, important for future 
patients. Most clinical data on polymyxins in 
the literature are from retrospective, observa-
tional studies at high risk of bias. The majority 
of clinical studies were unpowered to examine 
mortality controlling for other risk factors. 
The studies had no control of dosage regimens 
and treatment modifications. We identified 
several areas of missing data, in particular ran-
domized controlled trials (RCTs) examining 
treatment options for carbapenem-resistant 
Gram-negative bacteria, different dosage regi-
mens, polymyxins versus alternative antibiot-
ics (e.g. aminoglycosides, tigecycline), and 

monotherapy versus specific combination 
therapies. Ideally, mortality and development 
of resistance should be examined in RCTs, 
with further longitudinal studies required for 
the latter.

Keywords
Meta-analysis · Polymyxin · Randomized 
controlled trial · Resistance · Combination 
therapy

11.1	 �Why Focus on Meta-analysis

Meta-analysis is a statistical technique of com-
bining results from different studies. In itself the 
term conveys little information on the methodol-
ogy of a study, as the selection criteria for the 
studies combined are crucial to the meta-analysis 
results. Systematic reviews define precisely the 
question addressed and the studies to be included 
in a meta-analysis and then attempt to include 
each and every study that has been performed. 
The advantage over a narrative review is that the 
information contained within the summary result 
is transparent and highly specific. This is also the 
limitation of the meta-analysis result; it addresses 
precisely the question addressed (patient popula-
tion, intervention, comparison and outcome).

Meta-analysis provides a single point estimate 
summarizing all known studies that is much 
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simpler to deal with than the many separate 
results of the original individual studies. However, 
many times the pooled estimate has poor credi-
bility because of heterogeneity in the patient 
populations, interventions and outcomes assessed 
despite the attempt to ask specific questions. For 
example, addressing the question of the survival 
benefit of colistin-meropenem combination ther-
apy vs. colistin monotherapy among patients 
with bloodstream infections is seemingly highly 
specific. However, the studies might evaluate 
mortality at different time points (in-hospital, 
14-day, 28-day), colistin and meropenem might 
be given in different doses and schedules, patients 
might be infected by different Gram-negative 
bacteria with different MICs for meropenem. 
Readers of meta-analyses are advised to critically 
examine whether the pooled effect estimate is 
useful. Frequently meta-analyses will examine 
clinical and statistical heterogeneity and might be 
able to point to the factors underlying differences 
in results.

In this chapter, we will address systematically 
several questions previously reviewed in the book 
and try to summarize results through 
meta-analysis.

11.2	 �“Effectiveness”

The only study design appropriate to examine the 
effectiveness of a drug is a well-powered and 
well-conducted randomized controlled trial 
(RCT), since only RCTs can achieve unbiased 
comparisons. There are no RCTs comparing 
colistin vs. another antibiotic for the treatment of 
severe infections. Historically, colistin has been 
considered as poorly effective and has been 
replaced by beta-lactams once broad-spectrum 
beta-lactams covering Gram-negative bacteria 
became available. Currently several studies and 
authors claim that colistin is “effective”. Its use 
has certainly increased in recent years and it is a 
primary mode of treatment for carbapenem-
resistant bacteria. The question of effectiveness is 
important as it should determine our inclination 
to use colistin empirically, before we know 
whether the patient is infected with carbapenem-

resistant bacteria. It should also determine the 
selection of the antibiotic to be used against 
carbapenem-resistant bacteria if the isolates are 
susceptible in-vitro to antibiotics other than 
colistin (e.g. an aminoglycoside, fosfomycin, 
tigecycline). Contained within the question of the 
effectiveness of colistin is also the question of 
optimal dosing.

Given the lack of RCTs, we compared con-
temporary observational studies that assessed the 
effectiveness of colistin (update of a previous 
review [1]). The inclusion criteria were studies 
comparing a systemic polymyxin against a drug 
regimen not including a polymyxin in a compara-
tive clinical trial, cohort (prospective or retro-
spective) or case-control design and reporting on 
mortality. We did not restrict inclusion by type of 
infection or bacteria.

Three studies permitted a comparison between 
patients given colistin vs. patients receiving inap-
propriate antibiotic treatment (empirical treat-
ment) [2–4]. Mortality was higher with 
inappropriate antibiotics, with heterogeneity 
between the studies (Fig. 11.1). Adjusted analy-
ses were not available.

Thirteen studies compared polymyxins to 
another antibiotic [5–17]. All studies examined 
patients with severe healthcare-associated infec-
tions (most commonly pneumonia and bactere-
mia) caused by highly-resistant bacteria. 
Acinetobacter baumannii and Pseudomonas 
aeruginosa were the common bacteria and 
Klebsiella pneumoniae was more rarely assessed. 
Polymyxins (colistin in all but two studies) were 
given to patients with carbapenemase-producing 
or phenotypically carbapenem-resistant Gram-
negative bacteria (CRGNB). Colistin was used as 
monotherapy in a single study [14] and in the 
other studies polymyxins were most commonly 
given in combination with other antibiotics. The 
comparator arm included patients with multidrug-
resistant (MDR) bacteria susceptible to the non-
polymyxin comparator drug and that were treated 
with beta-lactams (most commonly carbapen-
ems), tobramycin (one study [8]) or tigecycline 
(one study [11]). Individual study results and the 
pooled summary for all-cause mortality are pre-
sented in Fig. 11.2. The pooled unadjusted result 
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showed nearly twice the mortality odds with 
polymyxins compared to comparator drugs. The 
study design affected results: the meta-analysis 
forest plot is subcategorized by study design, 
from the least risk of bias (top) to the highest 
(bottom) and odds ratios increase from top to bot-

tom. However, a meta-analysis of adjusted odds 
ratios (ORs) or odds ratios from studies using 
matching shows also significantly higher mortal-
ity with polymyxins with no statistical heteroge-
neity (adjusted OR 1.79, 95% confidence 
intervals (CI) 1.35–2.36, Fig. 11.3). Assessment 
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of the effect of colistin dose on results was pos-
sible in univariate analysis only including 9 stud-
ies that reported the mean colistin dose used. The 
meta-regression is shown in Fig. 11.4; although, 
not statistically significant, a trend is shown of 
increasing ORs (greater advantage to comparator 
arm) with lower colistin dosing (presented in mil-
lion IUs).

Thus, the compilation of existing studies 
shows that polymyxins may be more effective 
than no antibiotics and less effective than beta-
lactams. The comparison to antibiotics poten-
tially active against CRGNB is limited to single 
studies. This is based on observational studies 
with major limitations, of which the main is that 
different patients are compared. Those treated 

with colistin have infections caused by CRGNB 
while those treated with comparator antibiotics 
usually had carbapenem-susceptible bacteria. 
Therefore, these studies do not assess the effec-
tiveness of colistin (hence “effectiveness”), but 
its association with mortality with many limita-
tions. Polymyxins were administered in combi-
nation, thus results are relevant to colistin 
combination therapy. Colistin was given in some 
of the studies at a lower dose than currently rec-
ommended [18, 19] and without a loading dose 
and lower dosing might have been associated 
with a larger advantage to comparator drugs. Few 
retrospective studies compared colistin to poly-
myxin B [20–23]; the cohorts were too different 
to allow reasonable comparisons between groups 
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Fig. 11.4  Meta-regression of unadjusted ORs for mortality with mean colistin dose in study
Colistin dose given in million international units (MIU). P for slope = 0.21
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for mortality and adjusted analyses for mortality 
were not conducted.

11.3	 �Nephrotoxicity

The same studies allowed the assessment of 
nephrotoxicity rates with polymyxins vs. non-
polymyxins [3, 5–7, 9, 10, 12–17]. Nephrotoxicity 
was most commonly defined as at least a 1.5–2 
fold increase in serum creatinine from baseline 
(RIFLE “risk” and above [24]). Ten studies 
examining colistin were identified, showing 
higher nephrotoxicity rates with colistin vs. com-
parator antibiotics, unadjusted OR 1.75 (95% CI 
1.16–2.64, Fig.  11.5). Two studies examining 
polymyxin B did not show a significant differ-
ence vs. comparators (Fig. 11.5). None compared 
a polymyxin to an aminoglycoside.

Recent studies claim higher nephrotoxicity 
rates with colistin compared to polymyxin B 
[20–23]. In these studies, selection of patients 
depended on the type of polymyxin available 
(comparison between time periods or hospitals). 
All studies were retrospective and nephrotoxicity 
was similarly defined as RIFLE “risk” and above 

[24]. We pooled adjusted odds ratios or odds ratio 
reported from matched patient cohorts (non-
significant univariate results taken from one 
study). Overall, the nephrotoxicity rate was 
observed to be about two-fold higher with colistin 
compared with polymyxin B, adjusted OR 2.12 
(95% CI 1.46–3.07, Fig. 11.6).

11.4	 �Combination Therapy

Currently much debate surrounds the issue of 
polymyxin combination therapy. Empirical com-
bination therapy is reasonable given that poly-
myxins are less effective than other antibiotics 
but more effective than no antibiotics, as shown 
above. The issue of debate regards combination 
therapy for CRGNB after receipt of the final 
pathogen identification and susceptibility results. 
Some would consider the question also pertinent 
for carbapenemase-producing Gram-negative 
bacteria that are phenotypically susceptible to 
carbapenems. The answer probably depends on 
the precise MIC of the isolate and perhaps on the 
type of bacterium.
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Fig. 11.5  Nephrotoxicity with polymyxins vs. comparator antibiotics, unadjusted results
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The rationale for combination therapy is based 
on synergy, enhanced bactericidality and prevention 
of polymyxin-resistance development. In a system-
atic review and meta-analysis we analysed in-vitro 
interactions between polymyxins and carabapen-
ems for different Gram-negative bacteria [25]. 
Synergy rates for different carbapenems and differ-
ent bacteria ranged between 24% (meropenem for 
P. aeruginosa) to 88% (doripenem for A. bauman-
nii). Among all carbapenem-polymyxin combina-
tions, synergy rates were highest for A. baumannii. 
Among all bacteria, doripenem achieved highest 
synergy rates with polymyxins. Antagonism rates 
were low; the highest value, 24%, was observed for 
imipenem-polymyxin against K. pneumoniae. 
Bactericidal activity of the combination was greater 
than that of the polymyxins in most assays, increas-
ing from 10–26% with the polymyxin to 49–74% in 
different isolates. Resistance developed rapidly 
with polymyxins alone, whereas the combination 
therapy generally suppressed and delayed resis-
tance development.

While the in-vitro data appear promising, clin-
ical results might be very different from in-vitro 
interactions. We compiled all clinical studies 
comparing colistin administered as monotherapy 
vs. combination therapy including colistin for the 
treatment of CRGNB or carbapenemase-
producing Gram-negative bacteria [26]. We 
included RCTs and observational studies. When 
the same patients were included in more than one 
publication, we included the publication describ-
ing the largest number of patients. The outcome 
assessed was all-cause mortality. Results are 
summarized in Fig. 11.7.

Two RCTs compared colistin alone vs. 
colistin-rifampin for infections caused by A. bau-
mannii [27, 28], showing no survival advantage 

to the combination arm. In both an advantage to 
colistin-rifampin was shown for secondary out-
comes; clinical or microbiological cure. One 
RCT compared colistin alone vs. colistin-
meropenem combination therapy, both adminis-
tered with optimized high dosing [29]. All other 
studies were observational (all but two retrospec-
tive) ranging from very small case series to cohort 
studies, the largest analysing 250 patients. Nine 
studies permitted the comparison between colis-
tin alone vs. colistin-carbapenem combination 
therapy [4, 29–36]. No advantage was observed 
to combination therapy OR 0.97, 95% CI 0.69–
1.35, unadjusted except for the results of the sin-
gle RCT). Similarly, the comparisons between 
colistin monotherapy vs. colistin combined with 
tigecycline, sulbactam and aminoglycoside 
showed no significant difference between regi-
mens [4, 11, 30, 32, 34, 37, 38]. Four studies pre-
sented a comparison between colistin 
monotherapy vs. “any” combination therapy, that 
is difficult to translate to clinical practice. 
Combinations frequently included three-drug 
regimens. In this set of studies the combination 
therapy was significantly associated with higher 
mortality (unadjusted OR 2.09, 95% CI 1.33–
3.28). The risk of bias in these studies was very 
high, as previously discussed [26]. The main rea-
son underlying heterogeneity in the observational 
studies was carbapenem MICs, with lower MICs 
associated with an advantage to the combination 
therapy.

Thus, these meta-analyses show that despite 
favorable in-vitro interactions for specific antibi-
otic combinations, clinical studies do not demon-
strate an advantage to combination therapy. The 
only combinations that have been tested in RCTs 
are those of colistin-rifampin and colistin-
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meropenem, and the results of the RCTs do not 
justify the use of this combination. Critical 
assessment of the observational studies shows 
very serious risk of bias and no significant sur-

vival advantage to specific polymyxin combina-
tions. Lacking support for combination therapy 
for CRGNB, we believe that this practice should 
not be adopted as the routine. The discrepancy 
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Fig. 11.7  All-cause mortality for colistin monotherapy vs. colistin combination therapy, unadjusted results
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between in-vitro and clinical studies calls for 
well-conducted RCTs to examine specific antibi-
otic combinations. Such trials are under way and 
will determine future clinical practice.

11.5	 �Colistin Inhalation Therapy

Since polymyxins penetration into lung tissue is 
poor, nebulized colistin is sometimes being used 
for the treatment of respiratory tract infections. 
We searched for RCTs, cohort (prospective or 
retrospective) and case control studies comparing 
colistin administered as inhalation/nebulized 
therapy alone or with systemic treatment vs. sys-
temic only antibiotic treatment in the treatment 
of ventilator-associated pneumonia or nosoco-
mial pneumonia caused by MDR Gram-negative 
bacteria. We excluded studies examining patients 
with cystic fibrosis.

Three studies compared colistin inhalation 
alone vs. systemic antibiotic treatment for the 
treatment of pneumonia caused by A. baumannii 
or P. aeruginosa (one in neonates) [39–41]. None 
used matching nor reported on adjusted mortality 
rates. All-cause mortality was significantly lower 
among patients receiving colistin inhalation ther-
apy alone compared to those treated with sys-
temic treatment, usually polymyxins (unadjusted 
OR 0.37, 95% CI 0.17–0.82), with significant 
heterogeneity in results (Fig. 11.8).

Seven studies assessed the use of colistin inha-
lation as adjunctive therapy to systemic antibiot-
ics for the treatment of A. baumannii (most 
commonly), P. aeruginosa or K. pneumoniae. 
One was a RCT [42], two used matching criteria 
for patients given colistin inhalations and those 

treated with systemic antibiotics alone [43, 44] 
and the remaining were unmatched and did not 
report an adjusted analysis for mortality [40, 45, 
47]. The RCT showed no difference in mortality 
between study arms, while the observational 
studies showed a trend in favor of the adjunctive 
colistin inhalations, with heterogeneity in results 
(overall pooled OR 0.76, 95% CI 0.54–1.05, 
Fig. 11.9). A main concern with colistin inhala-
tions is the induction of polymyxin-resistant bac-
teria, but the studies did not report on comparative 
resistance development rates. As expected, these 
studies show higher rates of eradication of the 
MDR bacteria from the respiratory tract with 
colistin inhalations.

These studies are suggestive of a possible ben-
efit for colistin inhalation therapy, but these can-
not form a basis for treatment recommendations. 
Selection bias is likely present in the analysis 
assessing colistin inhalations alone and this and 
other sources of bias affect the analysis of adjunc-
tive colistin inhalations. The only RCT showed 
no advantage regarding survival for adjunctive 
colistin inhalations. Given the positive results of 
the observational studies, further RCTs are war-
ranted and further observational studies should 
assess the long-term effects of colistin inhala-
tions on the emergence of resistance.

11.6	 �Summary

Meta-analysis is an elegant tool to summarize out-
come data gained from RCTs. Much of the data on 
polymyxins to date is based on observational stud-
ies at high risk of bias. The studies were unpow-
ered to examine mortality, adjusting for all known 
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risk factors for mortality. Most studies were retro-
spective and had no control of treatment regimens 
and their modification during treatment. Meta-
analyses of these studies suffer from the same 
sources of bias and only some of the biases can be 
accounted for by careful analysis of the methods.

We presented here only data on mortality. The 
original studies examined further outcomes 
including clinical cure and microbiological cure. 
We believe that for patients with severe infec-
tions caused by MDR Gram-negative bacteria 
survival is ultimately the only outcome that mat-
ters to the individual patient, while resistance 
development is relevant epidemiologically.

Systematically reviewing the evidence high-
lights areas of missing data. We are mostly miss-
ing RCTs examining treatment options for 
CRGNBs: the two polymyxins, different doses of 
the polymyxins, polymyxins vs. alternative anti-
biotics covering CRGNBs (e.g. aminoglycosides, 

tigecycline) and polymyxin monotherapy vs. spe-
cific combination therapies. These RCTs should 
examine mortality and resistance development, 
although the latter should also be examined in 
longitudinal studies befitting the timeframe of 
resistance development.
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Use of Colistin in Critically Ill 
Patients

Dror Marchaim, Donald Kaye, and Keith S. Kaye

Abstract
Due to lack of better therapeutic options, 
colistin use for extensively drug-resistant 
Gram-negative organisms was revived in the 
past two decades, including in patients in 
intensive-care units (ICU). There are multiple 
knowledge gaps pertaining to the clinical use 
and utility of colistin in critically-ill patients, 
but due to lack of options, it is used in these 
high risk patients. In this chapter, we critically 
review the various topics pertaining to colistin 
use in critically-ill patients, while highlighting 
the (lack of) controlled evidence supporting 
common current practices pertaining to colis-
tin use by clinicians.

Keywords
ICU · Polymyxin · Critical care · Nosocomial 
infections · Hospital acquired infections

12.1	 �Introduction

The polymyxins were discovered in 1947. They 
were widely used from 1962 until anti-
Pseudomonas aminoglycosides became available 
after the middle to late 1960s. The parenterally 
administered polymyxins fell into disuse by the 
1980s because of their nephrotoxicity.

The emergence and worldwide spread of 
multi-drug resistant and extensively-drug resis-
tant gram-negative bacilli (GNB), has led to the 
revival of the use of polymyxins in general, and 
colistin in particular [1–3]. This chapter will 
focus on colistin (polymyxin E).

For severe bloodstream infections (BSI) 
caused by extensively-drug resistant (XDR) GNB, 
the polymyxins were  frequently, up until 
recently, the only active therapeutic agents avail-
able other than tigecycline and certain aminogly-
cosides (e.g. amikacin, tobramycin) [4, 5]. 
However, there are important limitations to these 
alternatives. Tigecycline has a large volume of 
distribution with low serum levels, which limits 
its efficacy in treating BSI [6, 7]. In addition, sev-
eral meta-analyses have demonstrated inferiority 
of tigecycline versus various comparators for cer-
tain clinical syndromes [8, 9], and there is an 
FDA warning of increased mortality pertaining to 
its use for severely septic patients [10]. Many cli-
nicians perceive aminoglycosides as sub-optimal 
therapy for serious GNB infections when admin-
istered as the only active agent, particularly for 
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invasive infections or for BSI [5, 11, 12]. 
Therefore, the use of the polymyxins and espe-
cially colistin has increased exponentially in par-
allel with the epidemic spread of XDR  GNB 
infections. Even the recently marketed new 
agents, ceftolozane/tazobactam and ceftazidime/
avibactam, have not contributed significantly to 
our available armamentarium against some XDR 
GNB, particularly versus Acinetobacter bauman-
nii and some XDR metallo-beta-lactamase pro-
ducing Enterobacteriaceae [13]. The increase in 
use of colistin began in the late 1990s, despite a 
lack of controlled clinical efficacy data for 
multidrug-resistant (MDR) and/or XDR-GNB 
infections [3, 14]. Moreover, little safety, phar-
macokinetic (PK) and pharmacodynamic (PD) 
data were available for patients in general, and 
for acutely ill septic patients with XDR-GNB 
infections in particular [15]. Subsequently, in 
recent years, such data have become available.

This chapter will review the available clinical 
data pertaining to the use of colistin in non-cystic 
fibrosis, critically ill patients in the modern era. 
The major focus will be on parenteral administra-
tion, but topical use and use for selective decon-
tamination of mucosal surfaces will also be 
discussed.

While many publications contain data pertain-
ing to the efficacy of colistin in critically ill 
patients, the strengths in terms of analytic meth-
odology vary considerably. For this reason, only 
the more important studies are cited and only a 
few will be reviewed in detail as illustrated in the 
following sections. In interpreting the data being 
reviewed, the reader should recognize the impor-
tance of certain factors (Table  12.1). These 
include: (1) the dose of colistin injected; (2) the 
patient age group being studied (adult versus 
pediatric patients); (3) the infectious clinical syn-
dromes being studied (e.g., pneumonia, blood-
stream infections, mixed infections, etc.); (4) the 
specific XDR-GNB pathogens being investigated 
(e.g., Pseudomonas aeruginosa, A. baumannii, 
carbapenem-resistant Enterobacteriaceae 
[CRE]); (5) renal function of the patients; (6) the 
concurrent administration of additional systemic 
therapeutics (either additional active drugs, or 
drugs administered as adjuncts to colistin, based 

on supposedly established synergistic proper-
ties); (7) the concurrent use of inhaled colistin 
with IV colistin for pulmonary infections; and (8) 
the intraventricular or intrathecal administration 
of colistin concurrent with intravenous colistin 
for central nervous system (CNS) infections. It is 
beyond the scope of this chapter to review the 
efficacy of colistin in each study based on each 
one of these categories, but we do categorize the 
available data based on some of these factors 
whenever sufficient data were available to do so. 
Emergence of resistance to colistin will be 
reviewed and the use of colistin as a selective 
digestive tract decontaminant (SDD) and/or as a 
selective oropharyngeal decontaminant (SOD) 
agent in critically ill patients will be covered.

12.2	 �Dose

12.2.1	 �Lower and Higher Dose 
Colstin

The dosing of colistin has been confusing over 
the years. Publications have reported dosing 
schema based either on units of colistin (primar-
ily in Europe) and milligrams of colistin base 

Table 12.1  Factors affecting interpretation of studies of 
colistin efficacy

No. Affecting parameter
1 Dose of colistin
2 Patient age group (adult versus pediatric patients)
3 Infectious clinical syndromes being studied (e.g., 

pneumonia, bloodstream infections, mixed 
infections, etc.)

4 Specific XDR-GNB pathogens being investigated 
(e.g., Pseudomonas aeruginosa, Acinetobacter 
baumannii, carbapenem-resistant 
Enterobacteriaceae [CRE])

5 Renal function of the patients
6 Concurrent administration of additional systemic 

therapeutics (either additional active drugs, or 
drugs administered as adjuncts to colistin, based 
on supposedly established synergistic properties)

7 Concurrent use of inhaled colistin with 
intravenous colistin for pulmonary infections

8 Intraventricular or intrathecal administration of 
colistin concurrent with intravenous colistin for 
central nervous system (CNS) infections
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activity (primarily in the United States [US]). 
The conversion between these two metrics is as 
follows: one million units (MU) colistimethate 
sodium (CMS) ≈ 80 mg CMS ≈ 33 mg of colistin 
base activity (CBA). These dosing conversions 
are reviewed in detail in Chap. 10 of this book. 
The package inserts for colistin in both Europe 
and the US contain outdated information. 
Currently, the recommended dose in the package 
insert of IV colistin being distributed in the US is 
generally much higher than the recommended 
dose (per package insert) of the colistin being 
distributed in Europe. The recommended US 
dose for a patient with creatinine clearance 
greater than about 80 mL/min is 5 mg/kg/day of 
colistin base activity (CBA), which in an average 
70 kg patient, is 350 mg CBA or ≈ 10.5 MU per 
day (which for the purposes of this chapter are 
considered “higher dose” as defined below). The 
corresponding recommended daily dose in the 
package insert of the product distributed in most 
European countries varies from 3 to 9 MU (i.e. 
100 mg to 300 mg CBA) [16].

Although in many studies colistin had been 
dosed at levels lower than what is recommended 
in the US package insert [17], recent publications 
have virtually universally recommended the 
higher doses for colistin [11, 18, 19]. Due to the 
historical discrepancy in dosing, this chapter 
describes separately selected clinical experiences 
using “lower dose” and “higher dose” colistin. In 
both the US and Europe, dose reduction is sug-
gested for patients with impaired kidney function 
and therefore the interpretation of results of 
“lower” and “higher” dose studies needs to be 
undertaken with caution. In addition, loading 
doses were used in some studies and not in others 
further confusing the distinction between “lower” 
and “higher” dose studies. The use of a loading 
dose is more routine in recent years, although 
controlled efficacy data are conflicting [20, 21]. 
For the purposes of this chapter, in differentiating 
between higher versus lower doses, the authors 
have used their judgment in choosing categories 
as sufficient information was often not available 
to assign precise cutoffs. For example, if a load-
ing dose was given it was factored in to the high 
versus low dose categorization decision, poten-
tially moving a study from a low to higher dose 
categorization.

12.2.2	 �Efficacy of ‘Lower Dose’ 
Colistin

With lower dose colistin, no loading dose was 
used, and therefore the achievement of steady 
state drug levels was likely delayed, in some 
cases by days, which might have impacted 
patients’ outcomes and the measured efficacy of 
colistin [16, 22–24]. The issues pertaining to 
colistin dosing are discussed in detail in Chap. 15 
of this book, but it is worth mentioning, that the 
“optimal dosing” of IV colistin is still debatable 
[15, 16, 25].

Historically, in Europe, low maximum daily 
doses of 200  mg CBA (i.e. 6 MU) and even 
100  mg CBA (i.e. 3 MU) were used without a 
loading dose [26]. These dosing characteristics 
might have adversely impacted therapy and clini-
cal outcomes. An example of a report of lower 
dose therapy early in the modern era of colistin 
use was an observational study executed at a sin-
gle intensive care unit (ICU) in Athens, Greece, 
published in 2003 [27]. In this case-series analy-
sis, the efficacy of intravenous (IV) colistin was 
evaluated as salvage therapy for critically ill 
patients with sepsis caused by XDR-GNB resis-
tant to all other antibiotics available at the time. 
Twenty-eight relatively young (mean age 
44.3 years) and severely ill patients (mean Acute 
Physiology and Chronic Health Evaluation II 
[APACHE II] score of 20.6), had received IV 
colistin at a dose of 3 MU (i.e. 100  mg CBA) 
every 8 h, adjusted for creatinine clearance. This 
dose was actually higher than the package insert 
recommendation available at that time in most 
European countries [16]. No loading dose was 
used, and compared to the US (based on the 
package insert), these doses would be considered 
as relatively ‘low’ doses. Sixteen of the patients 
had ventilator-associated pneumonia (VAP), 
three had a catheter-related BSI, one had post-
traumatic meningitis, one had sinusitis, and one 
had a urinary-tract infection (UTI). For four 
patients, the infectious clinical syndrome was not 
determined. Infecting pathogens were P. aerugi-
nosa (n  =  20) and A. baumannii (n  =  6). Four 
patients died within 48 h and were excluded from 
the efficacy analysis. Clinical response was 
observed for 73% of the treatments and survival 
at 30  days was 57.7%. Nephrotoxicity was 
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observed in only 14.3% of patients and in only 
one case did the deterioration in renal function 
result in serious clinical consequences. The low 
numbers and the lack of a control group in this 
study limited the ability to extract meaningful, 
generalizable conclusions. However, these results 
were reassuring in terms of clinical outcomes and 
toxicity, as no other agents were available to treat 
these XDR-GNB infections in critically-ill 
patients [27].

A study from a different center in Athens was 
published in 2005, summarizing the data from 
patients enrolled from July 2001 to December 
2003 [28]. The study included 43 critically ill 
patients with XDR-GNB infections given the 
same doses of colistin as in the previously 
described study. Various infectious syndromes 
were included (consisting mainly of VAP and 
BSI), all caused by P. aeruginosa and/or A. bau-
mannii XDR strains. Good clinical response 
(cure or improvement) was again noted among 
the majority of patients (74.4%), and deteriora-
tion of renal function was again noted to be rela-
tively minor, i.e. “only” among 18.6% of patients. 
The all-cause in-hospital mortality amounted to 
27.9% among these septic individuals [28].

The same group later published a summary 
report pertaining to 258 patients who were 
enrolled at this center in Greece, over a 7-year 
period [23]. IV colistin was administered only for 
microbiologically documented XDR-GNBs: i.e. 
170 (66%) A. baumannii, 68 (26.4%) P. aerugi-
nosa, 18 (7%) K. pneumoniae, 1 (0.4%) 
Stenotrophomonas maltophilia and 1 (0.4%) 
Enterobacter cloacae. There were 155 cases of 
pneumonia (60%), 33 cases of bacteremia (13%), 
22 abdominal infections (9%), 16 central venous 
catheter-related infections (6%) and 32 infections 
of other sites (12%). Cure of infection occurred 
in 79.1% of patients, nephrotoxicity in 10% and 
hospital survival in 65.1%. The average daily 
dose of colistin was relatively ‘low’: i.e. 6.1 ± 2.4 
MU (i.e. 201  ±  79  mg CBA). Interestingly, in 
multivariable analysis, one of the independent 
predictors for survival was the colistin average 
daily dose (adjusted odds ratio for increased dose 
=1.22, CI-95% 1.05–1.42). The authors con-
cluded that based on this large retrospective 
cohort analysis, colistin was a valuable antibiotic 

with acceptable nephrotoxicity and considerable 
effectiveness that depends on the daily dosage: 
i.e., higher doses are more effective than lower 
doses (though both ‘high’ and ‘low’ doses were 
relatively ‘low’ compared to doses used in the 
US) [23]. These reports resulted in a sense of 
security among clinicians in XDR-GNB endemic 
regions, who were also administering colistin (in 
similar dose ranges) to critically ill patients as 
salvage therapy.

In 2006, an additional retrospective case-
series investigation was reported from Tunisia, 
from a single 22-bed ICU, where colistin was 
used as a salvage regimen for XDR A. baumannii 
or P. aeruginosa infections, mainly among young 
individuals (mean age of 48  years) [29]. The 
report summarized their experience with 78 
patients enrolled between July 2003 and October 
2004. IV colistin was administered in mean daily 
doses of 5.5  ±  1.1 MU/day, i.e., 182  ±  36  mg 
CBA (range 2–9 MU/day, 66–300  mg CBA). 
Most of the patients had pulmonary infection 
(78.2%), with the remaining having primary BSI 
(11.5%), UTI (7.7%) or meningitis (2.6%). No 
sub-analyses for specific infectious syndromes 
were performed. A favorable clinical response 
was noted in the vast majority of patients (76.9%), 
and nephrotoxicity was again documented among 
relatively few individuals (9%).

In a retrospective case-series analysis from 
Ankara, Turkey, 24 patients from a single center 
were enrolled, and the efficacy and toxicity of 
‘low dose’ colistin was evaluated [30]. The inves-
tigators performed an interesting analysis, com-
paring two ‘low dose’ regimens of IV colistin: 
i.e., 3 MU per day (100 mg CBA/day) versus 6 
MU per day (200  mg CBA/day). Clinical 
response rates were 69.2% and 72.7%, respec-
tively (p = 0.65), microbiological response rates 
were similar (p = 0.62), and nephrotoxicity was 
revealed only in 1 of 13 patients (7.7%) for the 3 
MU group and 2 of 11 patients (18.2%) in the 6 
MU group (p = 0.57). The authors concluded that 
IV colistin, even in such ‘low’ doses, was rela-
tively effective and non-toxic. In addition, and in 
contrast to other reports [23], there were no major 
differences in clinical outcomes between the two 
‘low’ dose regimens [30]. A limitation of this 
study was that the renal function of patients 
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receiving the ‘low’ dose regimens was not 
reported.

All these case series analyses, among many 
others, conducted on cohorts enrolled from the 
late 1990s to about 2006 were essential early 
reports pertaining to the use of relatively ‘low 
doses’ of colistin to treat MDR and XDR-GNB in 
the modern era. Colistin was mainly used as a 
last-resort agent in the treatment of relatively 
young and critically ill patients, when no other 
therapeutic was available. There were additional 
reports from the late 1990s and early 2000s that 
compared the efficacy of ‘lower’ doses of colistin 
versus beta-lactam agents, mainly carbapenems, 
for beta-lactam susceptible infections [31, 32]. 
However, most clinicians and researchers believe 
today that colistin should be used only for XDR-
GNB infections, which in practice typically sig-
nifies carbapenem-resistant isolates [1, 33]. 
Therefore, these comparative efficacy analyses 
will not be further reviewed in detail. The encour-
aging early reports from the aforementioned 
“lower dose” case-series analyses soon were tem-
pered by additional comparative studies evaluat-
ing the efficacy of colistin in the treatment of 
infections due to XDR-GNBs [11, 26, 34, 35].

A major event between 2006 and 2010 was 
recognition of the worldwide pandemic of 
carbapenem-resistant Enterobacteriaceae (CRE), 
which has substantially increased the burden of 
XDR-GNB infections all over the world, and the 
need for drugs with activity against these organ-
isms such as colistin [36–38]. During these years 
tigecycline was also marketed as a theoretical 
alternative for the treatment of some XDR-GNB 
infections [39].

In 2010, two prospective controlled trials from 
the United Kingdom (UK) [34] and Israel [26] 
were published from centers still using relatively 
‘low doses’ of colistin, without a loading dose. A 
clinical review of 166 consecutive patients 
infected or colonized with XDR A. baumannii 
was reported from 18 hospitals around London, 
UK [34]. Most subjects (62%) were critically ill 
(admitted to an ICU or high dependency unit) 
and 49% were carriers only (i.e., not infected). 
Interestingly, the survival rates among infected 
(68%) and colonized (67%) patients were practi-
cally the same, indicating little attributable mor-

tality either to the pathogen or benefit to the 
treatment being administered. This finding of 
comparable outcomes between patients with A. 
baumannii respiratory infection and patients with 
lower respiratory colonization, was recently 
reported from an additional trial from Spain [40]. 
Of note, in the UK study, favorable outcomes 
(improved / resolved / cured infection) were 
achieved only among 50% of patients given 
colistin, versus 68% of patients given other 
agents (P > 0.05) [34].

The Israeli study was an observational pro-
spective cohort investigation, conducted at a sin-
gle, large tertiary centre [26]. Inclusion criteria 
included patients with pneumonia, UTI, surgical 
site infection, meningitis or bacteremia, all 
caused by GNB, and treated with colistin (3–6 
MU or 100–200  mg CBA per day for patients 
with normal renal function [without a loading 
dose]) versus other agents. Patients were enrolled 
from May 2006 to July 2009. The primary out-
come was 30-day mortality. Two hundred patients 
treated with colistin and 295 patients treated with 
other agents were included. Treatment with colis-
tin was associated with older age, admission 
from healthcare facilities (versus home), mechan-
ical ventilation, and lower rate of early appropri-
ate antibiotic treatment. The 30-day mortality 
was 39% (78/200) for colistin versus 28.8% 
(85/295) for comparators (OR  =  1.58, 
CI-95%  =  1.08–2.31). Among the bacteremic 
patients (n = 220), the adjusted OR reflecting the 
inferiority of colistin increased to 1.99 (1.06–
3.77). Nephrotoxicity at the end of treatment was 
more frequent with colistin, and treatment with 
colistin was associated with an increased inci-
dence of infections due to Proteus species 
(Proteus species are inherently resistant to poly-
myxins). The authors concluded that in contrast 
to previous reports, where the same range of rela-
tively ‘low doses’ were used, the efficacy and 
toxicity of colistin when studied in a prospective 
controlled fashion, particularly when other 
options (e.g., beta-lactam agents) were available, 
were associated with poorer survival rates and 
increased toxicity [26]. The Israeli study also 
noted a finding that was later repeated by others 
[11], that there were significant delays in initia-
tion of appropriate therapy that had in-vitro activ-
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ity against the target pathogens, and that colistin 
was often initiated several hours to days after 
ineffective empiric therapy [26]. Therefore, 
regardless of whether or not colistin had in-vitro 
activity against the causative pathogen, it was 
frequently prescribed late in the course of the 
acute infectious illness.

After these two prospective controlled trials 
were published, in-vitro and subsequently in-vivo 
PK/PD analyses were published, suggesting that, 
in most of the studies discussed so far in this 
chapter, colistin might have been administered in 
dosages that were too low [15, 41]. Reviews and 
editorials that summarized the data pertaining 
specifically to the usage of lower doses of colis-
tin, vary considerably: i.e., from reports which 
claim that lower doses of colistin are relatively 
effective and safe [24], to reports claiming that 
colistin is inferior to comparators and is highly 
toxic [35]. These differing opinions reflect the 
analyses of efficacy of low dose colistin among 
critically ill patients in Europe over different time 
periods; higher doses have always been used in 
the US.  The earlier period consisted of non-
controlled case-series trials, and the later period 
consisted of controlled trials with a comparator 
arm. A recent study from Spain, in which colistin 
was used in lower doses (3–9 MU or 100–300 mg 
CBA per day, according to the discretion of the 
attending clinicians, without a loading dose) to 
treat XDR P. aeruginosa in 91 patients, clinical 
cure was observed in 72 (79%) patients. 
Interestingly, according to this trial, the mean 
colistin plasma levels at steady-state were not 
independently correlated with patients’ clinical 
outcomes [42].

During the later time period, data emerged 
suggesting that several agents might possess syn-
ergistic activity with colistin versus certain XDR-
GNB, and that colistin could be used in 
combination with other agents, in order to increase 
its efficacy and decrease the threat for emergence 
of resistance to colistin [43]. Thus, during the past 
several years, clinical research pertaining to colis-
tin has shifted towards higher dose therapy and 
combination therapy. These issues are reviewed in 
part in a later section of this chapter and in detail 
in other chapters of this book.

12.2.3	 �Efficacy of ‘Higher Dose’ 
Colistin

The trend from use of ‘lower dose’ colistin in 
Europe to ‘higher dose’ use occurred recently; 
higher doses have always been used in the US, 
since its ‘revival’ [18, 19, 44]. Re-analyzing the 
pharmacologic properties of colistin in the mod-
ern era was crucial, since prior dosing was based 
on microbiological and PK data that were decades 
old (most studies were from the 1960s) [41]. In 
addition, dosing for critically ill patients based on 
PK data from non-critically ill patients (which 
was what was historically available with regards 
to colistin from the 1960s) in many instances is 
not appropriate [41].

In a study from Bari, Italy, published in 2012, 
28 infectious episodes due to A. baumannii 
(46.4%), K. pneumoniae (46.4%), and P. aerugi-
nosa (7.2%) XDR isolates were retrospectively 
analyzed [22]. Patients were given a loading dose 
of 9 MU colistin (300 mg CBA) and a 4.5 MU 
(150 mg CBA) twice-daily maintenance dose. In 
the presence of moderate to severe renal function, 
doses of 4.5 million units (150  mg CBA) were 
given at extended intervals, the duration based on 
renal function. The main types of infection were 
BSI (64.3%) and VAP (35.7%). Clinical cure was 
observed in 23 cases (82.1%), and only five 
patients (17.8%) developed acute kidney injury 
(all episodes subsided within 10 days after cessa-
tion of treatment). The authors concluded that 
based on this case-series analysis, a 9 MU 
(300  mg CBA) loading dose with 4.5 MU 
(150  mg CBA) twice daily and an 
extended-interval regimen of 4.5 MU (150  mg 
CBA) for renal insufficiency had good efficacy, 
without significant renal toxicity [22].

In a study from Turkey, the safety and efficacy 
of high-dose IV colistin for the treatment of VAP 
caused by A. baumannii, was retrospectively 
investigated at a single university hospital [45]. A 
total of 45 patients were enrolled: 15 patients 
received high-dose colistin (2.5 mg/kg CBA, i.e. 
0.076 MU/kg, every 6  h), 20 patients received 
‘normal’ doses (2.5 mg/kg CBA, 0.076 MU/kg, 
every 12 h), and 10 patients received lower than 
‘normal’ doses, determined according to creati-
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nine clearance. Of the 45 patients, 29 patients had 
concurrently received aerosolized colistin. 
Therefore, only 16 patients received parenteral 
colistin alone. The authors did not report a cor-
relation between the treatment efficacies of IV 
colistin administered alone, versus the efficacy 
among patients who received in addition aerosol-
ized colistin. According to the analysis of this 
entire Turkish cohort, there were no significant 
correlations between the dose of parenteral colis-
tin and clinical cure, microbiological eradication 
rate, or mortality. Moreover, the higher doses of 
parenteral colistin and the addition of aerosolized 
colistin separately and independently increased 
the nephrotoxicity risk. The authors concluded 
that higher doses of colistin had no advantage 
over lower doses in treating A. baumannii VAP 
[45]. The study contained multiple potential 
biases and methodological flaws, but the results 
reported were interesting and noteworthy.

In a study from Detroit Medical Center, 
Michigan, USA, the efficacy of colistin (adminis-
tered in high doses according to the US package 
insert instructions) was analyzed, compared to 
the efficacy of tigecycline [11]. Loading doses 
(of 5 mg / kg CBA, i.e. 0.152 MU/kg) were non-
uniformly used throughout the study period. 
Adult patients with infections caused by A. bau-
mannii (n = 82), CRE (n = 12), or both (n = 12) in 
2009, who received ≥2 doses of colistin or tige-
cycline, were retrospectively studied. Seventy-
one patients received colistin, 16 received 
tigecycline, and 19 received both colistin and 
tigecycline. Seven isolates were nonsusceptible 
to colistin and 79 to tigecycline. Patients receiv-
ing colistin alone or in combination were more 
likely to die during their hospitalization than 
patients receiving only tigecycline (P  =  .002). 
However, patients receiving colistin had higher 
indices of acute severity of illness and had nota-
ble delays in initiation of appropriate antimicro-
bial therapy (P < 0.001). No definite conclusions 
pertaining to the efficacy of (high dose) colistin 
vs. tigecycline could be drawn from this analysis, 
since the drugs were prescribed to populations 
with different baseline characteristics [11].

The same Israeli group that conducted the pro-
spective single-center trial pertaining to low 

doses of colistin (2006–2009, 385 patients) [26], 
changed the practice in their hospital and con-
ducted an additional prospective trial (2012–
2015, 144 patients), comparing the outcomes 
between low dose and high dose regimens. The 
study revealed no association between high colis-
tin dosing and all-cause mortality. However, high 
dosing was associated with increased nephrotox-
icity [46].

12.3	 �Emergence of Colistin 
Resistance

There is a growing concern that the continually 
evolving pandemic of XDR-GNB infections 
leading to extensive use of colistin will result in 
the emergence and spread of colistin-resistant 
GNB.  Non-susceptibility to colistin among 
Enterobacteriaceae and A. baumannii is defined 
as MIC >2 mg/L per US Clinical and Laboratory 
Standards Institute (CLSI) and European 
Committee on Antimicrobial Susceptibility 
Testing (EUCAST) criteria [47, 48]. Pertaining 
to Pseudomonas species, the CLSI breakpoints 
are similar [48], but the EUCAST criteria defines 
non-susceptibility to Pseudomonas as MIC 
>4 mg/L [47]. Since few alternative therapeutics 
for severe XDR-GNB invasive infections exist, 
colistin resistance could herald the spread of pan-
resistant isolates [1, 49]. Initial reports of colistin 
resistance among clinical isolates emerged in 
Greece, where extensive use for treatment of 
XDR-GNB infections has been ongoing for sev-
eral years [3, 50]. Notable, in Greece, colistin 
was used initially in relatively ‘low’ doses (as 
compared to current established practices) and 
without a loading dose [51, 52]. These factors 
might have contributed to or facilitated the emer-
gence of colistin resistance among GNB [53].

A retrospective observational case-series anal-
ysis was published in 2007, pertaining to colistin-
resistant Klebsiella pneumoniae strains isolated 
in a single Greek ICU during 2004–05 [51]. 
Overall, 18 strains isolated from 13 patients were 
reported, representing colonizing and/or infect-
ing isolates. The patients’ mean age was 70 years, 
and the mean APACHE II score upon admission 
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to the unit was 22. All patients had a long hospi-
talization (median 69 days) and significant prior 
exposure to colistin (median 27 days). Colistin-
resistant isolates were implicated as pathogens in 
two bacteremias, a ventilator-associated pneumo-
nia and two soft tissue infections. Repetitive 
extragenic palindromic PCR (rep-PCR) identi-
fied six distinct clones, and evidence of horizon-
tal transmission was also documented. The 
authors concluded (although this was not a case-
control investigation) that selective pressure due 
to extensive colistin use might have led to the 
emergence of colistin resistance among K. pneu-
moniae isolates [51].

A different center from Athens, Greece, pub-
lished a retrospective case-control matched anal-
ysis, pertaining to risk factors and outcomes of 
colistin-resistant XDR-GNB (K. pneumoniae, A. 
baumannii, and P. aeruginosa) infections, iso-
lated from patients enrolled from 1/2006, until 
4/2007 [54]. Case patients (n  =  41) were those 
with a colistin-resistant XDR-GNB strain, and 
controls were selected from a pool of patients 
who had isolates susceptible to colistin. Controls 
were matched (1:1) to cases for species of GNB 
and for site of isolation. Various risk factors were 
significantly associated with the isolation of 
colistin-resistant isolates in bivariate analysis. 
However, in the multivariable model, recent prior 
use of colistin was identified as the only indepen-
dent predictor (OR = 7.78, p = .002) [54].

A matched 1:3 case-control study was con-
ducted in Piraeus, Greece, from 4/2008 to 6/2009 
[55]. The study investigated factors predicting 
colistin-resistant blaKPC-producing K. pneu-
moniae strain acquisition, compared to acquisi-
tion of colistin-susceptible K. pneumoniae 
strains, and the impact of colistin resistance on 
patient outcomes. Case patients (n  =  13) were 
more often admitted from other institutions 
(p = 0.02) and had longer prior therapy with beta-
lactam/beta-lactamase inhibitors (p  =  0.002) 
compared to controls (n = 39). Colistin exposure 
was not a significant predictor for acquisition of 
colistin-resistant blaKPC-producing strains. 
Nonetheless, two case patients carried a colistin-
susceptible strain before yielding a colistin-
resistant strain, and both were treated with 

colistin during the interval between cultures. In 
multivariable analysis, no parameter was signifi-
cantly and independently associated with acqui-
sition of a colistin-resistant strain. Resistance to 
colistin was also associated with increased mor-
tality in bivariate analysis (p = 0.05). All 52 study 
isolates (13 cases and 39 matched controls) were 
clonally related (determined per pulsed-field gel 
electrophoresis [PFGE]), suggesting horizontal 
dissemination. The authors speculated that 
colistin-resistance had emerged from colistin-
susceptible blaKPC-producing K. pneumoniae iso-
lates due to selective colistin pressure and then 
disseminated horizontally to other patients [55].

A cluster of five colistin-resistant blaKPC-
producing K. pneumoniae strains involving 3 
healthcare facilities was reported from Detroit, 
Michigan, USA in 2009 [49]. An index case of 
colistin-resistant, blaKPC-producing K. pneu-
moniae, was followed 20 days later by four addi-
tional cases occurring during a 6-day interval. All 
of the patients, at some point, had stayed in the 
same hospital and each patient had at least one 
opportunity for transmission with one of the 
other patients. Compared to 60 blaKPC-producing 
colistin-susceptible strains of K. pneumoniae 
controls, isolated in the previous year, case 
patients were significantly older (p = 0.05), and 
the blaKPC-producing K. pneumoniae organisms 
that were isolated from cases had higher MICs to 
imipenem than controls (P < 0.001). Prior colis-
tin exposure was not a significant predictor for 
colistin resistance, although the index case did 
receive colistin prior to isolation of the colistin-
resistant isolate. Genotyping (by both PFGE and 
by rep-PCR) revealed two closely related clones. 
The authors concluded that this outbreak was 
strongly linked to patient-to-patient transmission. 
However, emergence of resistance due to expo-
sure to colistin was still a postulated mechanism 
[49].

An additional report from the University of 
Pittsburgh Medical Center, Pennsylvania, USA, 
was published in 2011 [56]. Five cases of infec-
tion due to colistin-resistant, blaKPC-producing 
K. pneumoniae belonging to the international 
epidemic clone ST-258 (per multi-locus sequence 
typing [MLST]) occurred over a 4-month period. 
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Colistin resistance was attributed partly to selec-
tive antimicrobial pressure as well as transmis-
sion of already resistant organisms from 
patient-to-patient. The colistin-resistant isolates 
were able to persist in the absence of selective 
pressure when tested in vitro [56].

These reports suggest that in order to limit the 
emergence and spread of resistance, colistin 
should be used judiciously and dosed appropri-
ately for patients with infections due to XDR-
GNB strains that are susceptible to colistin, and 
that infection control measures are necessary to 
prevent the spread of XDR-GNB in healthcare 
facilities [57]. There are several mechanisms of 
resistance to colistin among XDR-GNB [44, 52, 
53, 58, 59]. This topic is reviewed in detail else-
where, in Chap. 5. Recently, plasmid-mediated 
outbreaks of genes (e.g., mcr-1) conferring resis-
tance to colistin have been reported from multi-
ple parts of the world, originating mainly from 
the food industry [60, 61]. However, some resis-
tance mechanisms are chromosomally encoded, 
subject to induction in the presence of colistin 
[53]. As reviewed above, clinical studies demon-
strated the intuitive and rational correlation 
between recent colistin exposure and emergence 
of colistin resistance, leading XDR-GNB strains 
to become pan-resistant isolates [1]. Therefore, it 
is important that colistin be prescribed to the 
appropriate patients, in optimal doses, in order to 
achieve maximum efficacy with minimum toxic-
ity, while reducing the rate of emerging resis-
tance to colistin among susceptible strains. One 
theoretical method to reduce the emergence of 
resistance to colistin is to use it in combination 
with another synergistic agent or agents [2, 5, 
12].

12.4	 �Combination Therapy

12.4.1	 �Colistin Use in Combination 
with Other Synergistic 
Antibacterial Agents

Theoretical benefits of using colistin in combina-
tion with other agents include improved efficacy 
and preventing the emergence of colistin resis-

tance [62]. Numerous agents have been studied 
as potential synergistic adjuncts to colistin for the 
treatment of XDR-GNB including rifampin, 
extended-spectrum cephalosporins, penicillins 
combined with beta-lactamase inhibitors, tigecy-
cline, tetracyclines, aminoglycosides, macro-
lides, fosfomycin, and fluoroquinolones [63–87]. 
However, carbapenems are the class that has 
attracted most of the attention with regards to 
synergism with colistin [12, 88–91]. Although 
the majority of XDR-GNB isolates causing 
human infections are resistant to carbapenems, 
carbapenems are safe beta-lactam agents, and 
according to several in-vitro reports, have strong 
synergism in combination with colistin, against 
various XDR-GNB pathogens [92].

A systematic review and meta-analysis 
recently summarized studies which examined the 
in-vitro interactions of antimicrobial combina-
tions consisting of any carbapenem with colistin 
or polymyxin B against various GNB [89]. 
Synergy was tested using various methodologies 
including time-kill, checkerboard, and E test. The 
meta-analysis summarized 39 published studies 
and 15 conference proceedings, reporting on 246 
different analyses conducted on 1054 bacterial 
isolates. In time-kill studies, combination therapy 
of colistin with a carbapenem demonstrated syn-
ergy rates of 77% for A. baumannii, 44% for K. 
pneumoniae, and 50% for P. aeruginosa. 
Doripenem showed high synergy rates against all 
three bacteria. For A. baumannii, meropenem 
was more synergistic than imipenem, whereas for 
P. aeruginosa the opposite was true. Checkerboard 
and E test studies generally reported lower 
synergy rates than time-kill studies. The use of 
combinations led to less in-vitro development of 
resistance [89].

In a multicenter retrospective cohort study, 
conducted in 3 large Italian teaching hospitals, 
among 125 patients with BSI caused by KPC-
producing K. pneumoniae isolates, overall 30-day 
mortality was 41.6% [43]. However, a signifi-
cantly higher mortality rate was noted among 
patients who were treated with colistin mono-
therapy (54.3%) compared to patients treated 
with combination therapy (34.1%, p  =  0.02). 
Therapy with a combination of colistin, tigecy-
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cline, and meropenem was associated with the 
lowest mortality rate. The authors concluded that 
in order to improve survival, combination treat-
ment with 2 or more drugs, especially regimens 
including a carbapenem, may be more clinically 
effective than monotherapy [43].

In a large prospective randomized, open-label 
superiority trial conducted at six hospitals in 
Israel, Greece, and Italy, it was investigated 
whether combining colistin with meropenem 
improves clinical outcomes for adults with infec-
tions caused by carbapenem-resistant or 
carbapenemase-producing Gram-negative bacte-
ria [93]. Of the 406 patients enrolled (with bacte-
raemia, ventilator-associated pneumonia, 
hospital-acquired pneumonia, or urosepsis), the 
majority were caused by A. baumannii (312/406, 
77%). In terms of clinical failure at day 14 fol-
lowing randomization (primary outcome), there 
were no significant differences between patients 
assigned to colistin monotherapy (156/198, 
79%), versus those randomly assigned to combi-
nation therapy with colistin plus meropenem 
(152/208, 73%). Although combination therapy 
increased the incidence of diarrhea, it decreased 
the incidence of mild renal failure (37 [30%] vs. 
25 [20%]). This study concluded that combina-
tion therapy was not superior to monotherapy, 
and that the addition of meropenem to colistin 
did not improve clinical failure in severe A. bau-
mannii infections (the trial was under-powered to 
specifically address other bacteria) [93]. In addi-
tion to being open label, another limitation was 
the extremely high failure rate (almost 75% of 
patients had clinical failure). Such a high failure 
rate was similar to what would have been 
expected if no appropriate therapy had been 
administered. It is possible that non-infectious 
causes were the primary drivers of failure [94]. A 
recent meta-analysis concluded that for MDR 
and XDR A. baumannii, combination therapy of 
colistin with sulbactam demonstrated superiority 
in terms of microbiological cure compared to 
colistin monotherapy [95]. Thus, it remains 
uncertain if colistin monotherapy is truly equiva-
lent to combination therapy for treatment of A. 
baumannii infection.

To avoid potential biases, the most definitive 
way to study the efficacy of combination therapy 
with colistin is to conduct a prospective random-
ized, double blind trial. Such a study is on-going, 
supported by the National Institutes of Health, 
investigating the efficacy of colistin and merope-
nem versus colistin monotherapy for treatment of 
XDR-GNB infections. Secondary end-points are 
emergence of resistance to colistin, and develop-
ment of nephrotoxicity. This investigation will 
help to better elucidate whether the addition of 
meropenem to colistin has any advantageous role 
in terms of patients’ outcomes.

12.4.2	 �The Efficacy of Inhaled 
Colistin Alone or 
in Combination 
with Parenteral Colistin 
for Critically Ill Patients 
with Pneumonia

In the early years of colistin’s revival and use 
among non-cystic fibrosis (CF) critically ill 
patients, it was often used to treat patients with 
XDR A. baumannii and/or XDR P. aeruginosa 
infections [27]. Both of these non-glucose fer-
menting GNBs are common causes of hospital 
acquired pneumonia (HAP) and ventilator asso-
ciated pneumonia (VAP) in critically ill patients 
[5]. Because colistin penetrates poorly to infected 
and relatively avascular lung tissues [96], it was 
postulated that a combined regimen, using paren-
teral colistin in conjunction with inhaled colistin, 
might improve clinical benefit [97, 98]. This 
assumption relied on multiple investigations in 
CF patients examining the efficacy and the 
expected favorable PK/PD properties of this 
“combined” regimen [99]. Moreover, it was pos-
tulated initially that local delivery of inhaled 
colistin to the lungs could minimize potential 
renal and neurological toxicities of systemic 
colistin, although the adverse events of aerosol-
ized colistin were already recognized, i.e. bron-
choconstriction, cough, and chest tightness [98].

One of the earliest publications pertaining to 
aerosolized colistin use in critically ill non-CF 
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patients was published in 2000, from a single 
ICU from New England Medical Center, Boston, 
MA, USA [100]. Improvement in three patients 
with MDR P. aeruginosa VAP was reported, fol-
lowing the addition of aerosolized colistin to 
antipseudomonal systemic therapy. No treatment-
limiting adverse effects were noted [100]. A sub-
sequent small study from Singapore reported on 
the efficacy of nebulized colistin administered to 
21 patients with polymyxin-susceptible A. bau-
mannii and P. aeruginosa pneumonia. None of 
the patients received IV colistin. The rate of suc-
cessful clinical response in this cohort was high, 
i.e. 86% [101].

In 2005 a small retrospective analysis from a 
Greek ICU was published, which enrolled 8 
patients with pneumonia due to A. baumannii 
(n = 7) or P. aeruginosa (n = 1) from 10/2000 to 
1/2004 [102]. Aerosolized colistin was adminis-
tered in a dose of 1.5 to 6 MU/day (45 to 180 mg/
day CBA), divided in 3–4 doses. IV colistin was 
administered concomitantly to all patients. The 
cure rate was 88%, which was higher than the 
historical cure rate of 67% for parenteral colistin 
alone. However, small numbers precluded statis-
tical significance of the finding. No treatment-
limiting adverse effects were noted [102].

Two reviews were published in the following 
year (2006), pertaining to the role of aerosolized 
colistin according to the data gathered thus far, 
both determining that additional controlled data 
is needed in order to allow determination of the 
incremental benefit of the addition of aerosolized 
colistin to systemic antibiotics [98, 103].

The same Greek investigators as in the 2005 
report published additional data regarding their 
experience with aerosolized colistin in 2008 
[104]. Sixty critically ill patients with a mean 
APACHE II score of 16.7, received aerosolized 
colistin (always along with pareneteral colistin) 
for the treatment of VAP due to A. baumannii 
(n  =  37), P. aeruginosa (n  =  12) and K. pneu-
moniae strains (n = 11). The mean daily dosage 
of aerosolized colistin was 2.2  ±  0.7 MU 
(73  ±  23  mg CBA) and the mean duration of 
administration was for 16.4 days. Bacteriological 
and clinical response of VAP was observed in 

50/60 (83.3%) patients. No adverse effects 
related to inhaled colistin were recorded. The 
authors advocated aerosolized colistin as an 
adjunctive therapy to IV treatment for patients 
with VAP due to XDR-GNB.  The authors also 
stated, that controlled comparative studies were 
needed in order to establish the true effectiveness 
and safety of this therapeutic regimen [104].

Two studies were published in 2010. The first 
was a retrospective matched case-control study, 
performed in a single ICU in Heraklion, Crete, 
Greece, from 1/2005 through 12/2008 [105]. 
Forty-three patients with VAP due to XDR-GNB 
(66 A. baumannii, 12 K. pneumoniae, and 8 P. 
aeruginosa) received aerosolized colistin plus IV 
colistin and were matched on the basis of age and 
APACHE II score with 43 control patients who 
had received IV colistin alone. Demographic 
characteristics, clinical status, and the relative 
proportion of XDR pathogens within the group, 
were similar between the two treatment groups. 
No significant differences between the groups 
were observed regarding eradication of patho-
gens, clinical cure, and mortality. Eight patients 
(19%) in each treatment group developed revers-
ible renal dysfunction. No aerosolized colistin-
related adverse events were recorded. The authors 
concluded that the addition of aerosolized colis-
tin to IV colistin did not provide additional thera-
peutic benefit to patients with VAP due to 
XDR-GNB [105]. The second study was a com-
parative analysis from a different Greek institu-
tion [106]. Seventy-eight patients with VAP 
received IV plus inhaled colistin, whereas 43 
patients received IV colistin alone. Groups were 
not matched on any specific parameter pertaining 
to a patient’s background condition or character-
istics and/or to any indices related to the severity 
of the acute illness. In addition, the mean daily 
dosage of IV colistin was higher in the group that 
received aerosolized colistin (7  ±  2.4 MU 
[231 ± 79 mg CBA] vs. 6.4 ± 2.3 MU [211 ± 76 mg 
CBA], respectively), although the difference was 
not significant (p = 0.13). The outcome was cure 
for 62/78 (79.5%) patients who received IV and 
inhaled colistin vs. 26/43 (60.5%) patients who 
received IV colistin alone (p = 0.025). In multi-
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variable analysis of VAP “cure”, the use of 
inhaled colistin remained an independent signifi-
cant predictor for cure (OR = 2.53, CI-95% = 1.1–
5.8). However, the definition used for “cure” was 
not optimal or clinically meaningful. Moreover, 
all-cause in-hospital mortality and all-cause ICU 
mortality did not differ between the study groups. 
In the multivariable analysis of mortality, one of 
the independent predictors was lower dosages of 
systemic colistin. Thus, because the group that 
received colistin alone without inhaled colistin 
received lower doses of IV colistin, analyzing the 
impact of treatment regimen on clinical outcomes 
was biased [106].

As of today, no randomized controlled trials 
(RCT) have been published analyzing the role of 
inhaled colistin, and the matter is still being 
debated. It is unclear how often aerosolized colis-
tin is used today. A multi-national survey pub-
lished in 2013 was answered by 611 departments 
from 70 countries. Eighty percent of respondents 
had a “positive opinion” concerning use of nebu-
lized colistin [107]. A recent report suggested 
that inhaled colistin could induce severe pulmo-
nary eosinophilia [108].

A systematic review published in 2012 ana-
lyzed in a meta-regression the overall efficacy of 
colistin in GNB VAPs, compared to other non-
colistin containing appropriate regimens. In the 
colistin arm, both IV colistin alone and in combi-
nation with aerosolized colistin, were included 
[109]. In the control arm, GNB VAP cases treated 
appropriately with non-polymyxin regimens 
were eligible. Six controlled studies met inclu-
sion criteria. Clinical response did not differ sig-
nificantly between the colistin and control group 
(OR, 1.14; p = 0.56). There was no difference in 
clinical response after controlling for concomi-
tant antibiotic treatment. Treatment with colistin 
did not impact hospital mortality (OR, 0.92; 
p = 0.78) or nephrotoxicity (OR, 1.14; p = 0.7). 
Although the authors concluded that their results 
suggest that colistin may be as safe and as effica-
cious as standard antibiotics for the treatment of 
VAP [109], we believe that colistin should be 
reserved for treating only HAP or VAP caused by 
XDR-GNB, which are susceptible only to colis-

tin. The role of inhaled colistin as an adjunct to 
systemic colistin for treatment of pneumonia 
remains unclear and is reviewed in detail in Chap. 
15.

12.5	 �Colistin Use in Central 
Nervous System (CNS) 
Infections

Due to the evolving epidemiology of nosocomial 
infections over the past 2 decades, and the spread 
of MDR organisms (MDRO) in healthcare set-
tings, the prevalence of post neurosurgical CNS 
infections caused by XDR-GNB has risen sub-
stantially [110, 111]. The XDR-GNB that are 
sometimes associated with post-neurosurgical 
CNS infections are frequently susceptible only to 
certain aminoglycosides, tigecycline, and colistin 
[110]. Tigecycline is bacteriostatic, expensive, 
and its role in CNS infection is undefined [110]. 
Colistin, which penetrates poorly into the CNS, 
attracted early attention as an agent that could be 
administered directly into the CNS, for treatment 
of XDR-GNB ventriculitis or meningitis 
[110–115].

In 1999 Spanish investigators reported two 
cases of catheter-associated ventriculitis caused 
by XDR A. baumannii that were successfully 
treated with intraventricular colistin (5 mg CBA 
[0.152 MU] q12 hours) [116]. The intraventricu-
lar administration of colistin was coupled with 
systemic parenteral antibiotics other than colistin 
[116]. In 2000, an additional report from 
Argentina reported on a patient treated with intra-
thecal colistin for XDR A. baumannii meningitis 
[117], with a regimen consisting of 5 mg (0.167 
MU) per day of intrathecal colistin on day 1 and 
10 mg (0.33 MU) of intrathecal colistin per 24 h 
for 21  days thereafter. No additional systemic 
antimicrobial agents were administered, and the 
patient was cured [117]. In Turkey, intrathecal 
colistin (5  mg CBA [0.152 MU] per day for 
21 days) was successfully used to treat a case of 
ventriculitis caused by XDR P. aeruginosa [118]. 
In 2004, a case of post-surgical meningitis caused 
by XDR A. baumannii was treated successfully 
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by using 40,000  units (1.3  mg CBA) per day 
intrathecally of the European formulation of 
colistin [111]. In a different study, a patient was 
successfully treated with much higher intrathecal 
doses, i.e. 125,000 units (4.13 mg CBA) adminis-
tered twice daily [113]. The dosing of intrathecal 
colistin remains uncertain as no controlled com-
parative trial had ever been conducted assessing 
the ‘true’ role and efficacy of intrathecal colistin 
administered to critically ill patients with CNS 
infections. In a case series publication from 
Thailand, published in 2010, the clinical and 
microbiological cure rates reported for 24 
patients treated with intrathecal / intraventricular 
colistin therapy were extremely high, at 83 and 
92% respectively [115]. Three patients (13%) 
developed chemical ventriculitis and one (4%) 
experienced treatment-associated seizures. In 
2013, a group from Athens, Greece, published a 
case-series analysis [119] of six patients and a 
literature review [120] pertaining to intraventric-
ular and intrathecal colistin usage for the treat-
ment of MDR and XDR A. baumannii ventriculitis 
and meningitis. A recent additional case-series 
analysis from Novara, Italy, reported on three 
patients who were cured with concurrent admin-
istration of intraventricular and intravenous 
administration of colistin [121].

In a recent study from Turkey of XDR A. bau-
mannii CNS infections treated with intrathecal 
colistin, that included 77 patients, the overall 
mortality rate was 57.1% (44 patients died). The 
variables associated with increased all-cause 
mortality during hospitalization included old age 
(p = 0.026) and failure to achieve CSF steriliza-
tion (p = 0.01) [122].

Although there is literature supporting its use, 
the intrathecal / intraventricular administration of 
colistin should only be used when absolutely 
necessary, for patients with post-neurosurgical 
meningitis caused by microbiologically docu-
mented XDR-GNBs, resistant to all other appro-
priate agents. Many expert clinicians agree that 
intrathecal administration must be coupled with 
administration of parenteral appropriate antibiot-
ics (not necessarily colistin), but this too has 
never been thoroughly studied or proven [117].

12.6	 �Colistin Use for Selective 
Decontamination of Mucosal 
Surfaces in Critically Ill 
Patients

Selective digestive tract decontamination (SDD) 
and selective oropharyngeal decontamination 
(SOD) are measures that have been studied for 
their possible role in preventing pneumonia, par-
ticularly hospital-acquired (HAP) and ventilator-
associated (VAP) pneumonias, and reducing 
overall mortality rates [123]. Colistin had been 
used as part of SDD and SOD regimens since its 
early years of distribution in the 1960s [124]. 
There were numerous trials pertaining to the usage 
of colistin as part of SOD and/or SDD regimens 
over the years [125–140]. However, this practice 
was eventually abandoned by most countries.

In Holland, this practice was revived and suc-
cessfully used in several national studies [123, 
129]. Today, SDD and SOD administration are 
common practice for many patients in the ICU. 
The regimen used in the majority of units con-
sists of 4  days of intravenous cefotaxime and 
topical application of tobramycin, amphotericin 
B, and colistin [123, 129]. In a recent study 
involving 13 ICUs in Holland, a total of 5939 
patients were randomized to standard care, stan-
dard care plus SOD or standard care plus 
SDD. The mortality rate associated with standard 
care was 27.5% at day 28, but the rate was sig-
nificantly reduced by an estimated 3.5 percentage 
points with standard care plus SDD and by 2.9 
percentage points with standard care plus SOD 
[129]. The same Dutch group, showed in various 
analyses, all conducted in Dutch ICUs, that SOD/
SDD could actually lead to reductions in MDRO 
acquisitions [141], despite its huge impact on the 
human gut resistome [142]. However, Holland is 
well known for its low rates of MDRO [143]. 
One of the main concerns in other countries with 
higher rates of MDRO, is that SOD/SDD could 
select for increased MDRO isolations and possi-
bly colistin resistance [144]. There is evidence 
that the use of colistin as SOD [145, 146] or SDD 
[147], can lead to the emergence of resistance to 
colistin among common human pathogens.
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12.7	 �Topical Colistin

Topical colistin is rarely used in critically ill 
patients, apart from those purposes that were 
reviewed in previous sections of this chapter: i.e. 
intrathecal, in aerosols, or as part of SDD/SOD 
regimens. Additional topical colistin preparations 
available in certain countries outside of the US 
include cutaneous (e.g. cream, ointment), oph-
thalmic (drops and ointments), and eardrops.

Colistin bladder instillation, as an alternative 
way of treating XDR-GNB urinary tract infection 
(UTI), was used in a study from Rome, Italy 
[148]. Study rationale was based on previous suc-
cessful usage of aerosol and intrathecal topical 
colistin. It was speculated that even high concen-
trations of colistin instilled directly into biologi-
cal fluids, would be relatively safe. In this case 
series, three patients were treated with intrave-
sicular intermittent instillations of colistin for 
XDR A. baumannii UTI [148]. A 100,000 unit 
(3.3  mg CBA) dose of colistin was delivered 
through a urinary catheter three times a day for 7 
days. One patient experienced suprapubic pain at 
the end of the instillation [148]. Concurrent sys-
temic colistin was not uniformly prescribed to 
patients throughout the intravesicular treatment 
course. Bacterial eradication and clinical cure 
were achieved for all patients [148]. It should be 
stressed that when CMS is instilled into the blad-
der, the time-course for the transformation to 
colistin is not known, and is probably dependent 
in part upon the rate of hydrolysis, instillation 
and/or the washout conditions. Nonetheless, 
there are reports in which bladder irrigation with 
polymyxins through a urinary catheter was not as 
effective inpreventing UTI or eliminating bacteri-
uria [149, 150]. Continuous bladder irrigation of 
a colistin mixture through a triple lumen catheter 
is an additional mode of topical use of colistin 
that has been used to treat XDR A. baumannii 
UTI [151].

In a study published in 1991 that included 321 
patients with chlamydial conjunctivitis, the effi-
cacy of colistin being administered as part of an 
ophthalmologic ointment containing additional 
antibiotics (tetracycline and chloramphenicol) 
was compared to ointments containing various 

antibiotics (with no colistin) along with dexa-
methasone [152]. The specified efficacy of topi-
cal colistin ointment could not be determined 
from this report. The overall efficacy was higher 
for ointments composed of antibiotics combined 
with dexamethasone [152]. Topical colistin com-
bined with other antimicrobials was also used 
successfully for treatment of Nocardia keratitis 
[153]. Currently, the role of topical colistin for 
treatment of ophthalmologic or urinary tract 
infections remains unclear.

12.8	 �Colistin Use in Pediatric 
Patients

Although it is sometimes necessary to use colis-
tin in pediatric patients, evidence-based dosing 
recommendations in children are currently not 
available [154, 155]. Daily regimens available in 
the published literature range from 40,000 U/kg/
day (1.3 mg CBA) to 5 mg/kg/day CBA (0.152 
MU). The role of a loading dose in the pediatric 
population has not been established [15].

In 2009, a systematic review was published, 
evaluating the available clinical evidence regard-
ing the effectiveness and safety of systemic colis-
tin in children without CF [156]. Ten case series 
and fifteen case reports, including a total of 370 
children, were included. However, only 17 of the 
children were from studies published after 1977. 
A total of 326 children received colistin for the 
treatment of infections and 44 for surgical pro-
phylaxis or prophylaxis of infections in burns. 
Overall, 271 of 311 children included in the iden-
tified case series were clinically evaluable. Of 
these 271 children, 235 (86.7%) were cured of 
the infection, 10/271 (3.7%) improved, 6/271 
(2.2%) deteriorated and 20/271 (7.4%) died. 
Fourteen (70%) of the 20 deaths were attributed 
to the infection. Nephrotoxicity occurred in 2.8% 
of children. No sub-analysis pertaining to the 
cases treated after the revival of colistin in the 
‘modern era’ was executed. The authors con-
cluded that systemic colistin is an effective and 
acceptably safe option for the treatment of chil-
dren without CF who have XDR-GNB infections 
[156]. However, the fact that the review was 
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based on old data limits generalizability of the 
findings to current day practice.

In 2012, a multicenter study from Turkey ana-
lyzed the efficacy and safety of colistin therapy in 
pediatric patients with severe infection caused by 
XDR-GNB from pediatric ICUs (PICU) [154]. 
There were 87 episodes in 79 pediatric patients 
from five different PICU.  The most commonly 
isolated microorganism was A. baumannii and 
the most common type of infection was VAP. The 
mean colistin dose in patients without renal fail-
ure was 5.4 ± 0.6 mg/kg/day CBA (0.16 ± 0.02 
MU/kg/day), the mean therapy duration was 
17.2 ± 8.4 days and the favorable outcome rate 
was 83.9%. Serious side effects were seen in four 
patients (4.6%): two patients suffered renal fail-
ure and the others had seizures. The authors con-
cluded that colistin was effective in the treatment 
of severe infections caused by XDR-GNBs in 
PICU [154]. Unlike adults, no controlled com-
parative data are yet available pertaining to effi-
cacy and safety of colistin, and as in adults, it 
currently should be used only for infections 
caused by XDR-GNB susceptible to colistin and 
resistant to all other treatment options.

An additional more recent trial from a single 
PICU at Ankara, Turkey, retrospectively investi-
gated the efficacy of colistin among 29 children 
who were treated with colistin for 38 courses in 
calendar year 2011 [157]. VAP was the most 
common clinical syndrome and A. baumannii 
was the most common causative XDR-GNB 
pathogen. Two colistin formulations were used: 
1) colimycin (Kocak Farma) as used in 21 epi-
sodes (median dosage was 5 mg/kg/day [i.e. 
0.167 MU/kg/day]), and 2) colomycin (Forest 
Laboratories) was used in 17 episodes (median 
dosage was 0.075 MU/kg/day [i.e. 2.25 mg/kg/
day]. Good or partial clinical response was evi-
dent among 30 (79%) patients, and 8 (21%) had a 
poor clinical response. No statistically significant 
differences were noted between the two formula-
tions in terms of the clinical efficacy or the clini-
cal toxicity. Ten patients died. The authors 
suggested that the use of colistin was well-
tolerated and efficacious [157]. In the same year, 
data from a single NICU at Ankara, Turkey, 
reported the efficacy of colistin administered to 

21 preterm neonates [158]. The median duration 
and dose of colistin therapy were 9  days and 
3  mg/kg/day (0.1 MU/kg/day), respectively. 
Recovery rate was 81% (17/21), and microbio-
logical clearance was 69% (9/13). The major side 
effects were acute kidney injury (19%) and elec-
trolyte disturbances (24%), specifically magne-
sium disturbances. Both acute kidney injury and 
electrolyte disturbances including hypomagnese-
mia were reversible. The authors concluded that 
colistin was efficacious among preterm neonates, 
though renal function tests and serum electro-
lytes should be closely monitored [158].

The role of inhaled colistin in critically ill 
pediatric patients without cystic fibrosis was 
evaluated [159]. Of three children admitted to a 
PICU in Athens, Greece, between 2004 and 2009, 
2 received inhaled colistin (937,500 U [30.9 mg 
CBA], diluted in 3  ml of normal saline twice 
daily) as monotherapy for tracheobronchitis, and 
1 as adjunctive therapy for necrotizing pneumo-
nia. All three children recovered from the infec-
tions. Also, a gradual reduction, and finally total 
elimination of the microbial load in bronchial 
secretions was observed during inhaled colistin 
treatment courses. No bronchoconstriction or 
other toxicity related to colistin was observed 
[159].

The use of aerosolized colistin has been evalu-
ated in neonates as well. A neonatal ICU (NICU) 
from Ankara, Turkey, reported their experience 
with aerosolized colistin in two preterm and one 
term neonate with A. baumannii and/or P. 
aeruginosa-related VAP who were unresponsive 
to other antimicrobial regimens [160]. An aero-
solized colistin dose of 5  mg/kg CBA (0.152 
MU/kg) was administered every 12 h. VAP was 
treated for a minimum of 14  days. No adverse 
events were noted, and all patients clinically 
improved [160].

12.9	 �Summary

Due to spread of XDR-GNB organisms and lack 
of new therapeutic alternatives, colistin use was 
revived after being abandoned for several 
decades. The worldwide use of colistin has risen 
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exponentially in the past 20  years. Although 
understanding of PK/PD properties as well as 
efficacy of colistin has improved recently, there 
still exist multiple knowledge gaps pertaining to 
its clinical use. Currently, controlled clinical 
studies are underway, the results of which will 
hopefully standardize the way that this agent is 
used in the treatment of critically ill patients.

Colistin is a relatively toxic agent, particularly 
when it is prescribed in the high doses that are 
often needed to provide the greatest probability 
of clinical effectiveness in critically ill septic 
patients [18, 19]. It is also inferior to safer drugs 
such as beta-lactam agents [26, 34]. Due to these 
factors, and concern regarding emergence of 
resistance to colistin following its use [54], the 
use of colistin should be restricted to instances 
when other established and safer alternatives are 
unavailable. Its use should be reserved for infec-
tions caused by XDR-GNB susceptible only to 
colistin (excluding tigecycline susceptibility). 
Based on recent data, we recommend giving a 
loading dose of colistin (5  mg/kg CBA or 
0.152  MU/kg up to a maximum of 300  mg of 
CBA or 9 MU) followed by 5 mg/kg/day CBA or 
0.152 MU/kg/day in divided doses every 8 h with 
adjustment for renal insufficiency (see Table 12.2 
and Chap. 15).

The use of concurrent synergistic agents, in 
order to increase treatment efficacy and curb the 
emergence and spread of colistin-resistant and 
pan-resistant GNB isolates, should be further 
explored. However, unfortunately in clinical sce-
narios when colistin is prescribed, it is often 
administered after other treatments have failed 
and the infection has been active for days [11, 
26]. Currently, we recommend for the treatment 
of systemic infections, combining colistin with 

other active antimicrobials (e.g. possibly tigecy-
cline or aminoglycosides) or synergistic antimi-
crobials (e.g. carbapenems). Clinical metrics and 
prediction scores to facilitate the early and appro-
priate use of colistin for severely septic patients 
are needed [33, 161].

References

	 1.	Magiorakos AP, Srinivasan A, Carey RB, Carmeli 
Y, Falagas ME, Giske CG, Harbarth S, Hindler JF, 
Kahlmeter G, Olsson-Liljequist B, Paterson DL, 
Rice LB, Stelling J, Struelens MJ, Vatopoulos A, 
Weber JT, Monnet DL (2012) Multidrug-resistant, 
extensively drug-resistant and pandrug-resistant 
bacteria: an international expert proposal for 
interim standard definitions for acquired resistance. 
Clin Microbiol Infect 18(3):268–281. https://doi.
org/10.1111/j.1469-0691.2011.03570.x

	 2.	Boucher HW, Talbot GH, Bradley JS, Edwards 
JE, Gilbert D, Rice LB, Scheld M, Spellberg B, 
Bartlett J (2009) Bad bugs, no drugs: no ESKAPE! 
An update from the Infectious Diseases Society of 
America. Clin Infect Dis 48(1):1–12. https://doi.
org/10.1086/595011

	 3.	Falagas ME, Kasiakou SK (2005) Colistin: the 
revival of polymyxins for the management of 
multidrug-resistant gram-negative bacterial infec-
tions. Clin Infect Dis 40(9):1333–1341. CID35354 
[pii] https://doi.org/10.1086/429323

	 4.	Schwaber MJ, Carmeli Y (2008) Carbapenem-
resistant enterobacteriaceae: a potential threat. 
JAMA 300 (24):2911–2913. https://doi.org/10.1001/
jama.2008.896 300/24/2911 [pii]

	 5.	Peleg AY, Hooper DC (2010) Hospital-acquired 
infections due to gram-negative bacteria. N Engl 
J Med 362(19):1804–1813. https://doi.org/10.1056/
NEJMra0904124 362/19/1804 [pii]

	 6.	Paterson DL (2006) Clinical experience with 
recently approved antibiotics. Curr Opin Pharmacol 
6 (5):486–490. S1471-4892(06)00136-6 [pii] https://
doi.org/10.1016/j.coph.2006.07.001

	 7.	Peterson LR (2008) A review of tigecycline–
the first glycylcycline. Int J  Antimicrob Agents 

Table 12.2  Authors’ recommendations for colistin dosing

Colistin (mg/kg 
CBA daily) using 
ideal body weight

Clcr ≥50 ml/
min

Clcr 30–49 ml/
min

Clcr 10–29 ml/
min

Clcr <10 ml/min 
or hemodialysis

Start 8 hours 
after load

Start 12 hours 
after load

Start 12 hours 
after load

Start 24 hours 
after load

5 mg/kg 
loading dose 
(max 300 mg)

5 mg/kg/day 
divided every 
8 hours

3.5 mg/kg/day 
divided every 
12 hours

2.5 mg/kg/day 
divided every 
12 hours

1.5 mg/kg every 
24 hours

CBA Colistin base activity, Clcr Creatinine clearance

D. Marchaim et al.

https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1086/595011
https://doi.org/10.1086/595011
https://doi.org/10.1086/429323
https://doi.org/10.1001/jama.2008.896
https://doi.org/10.1001/jama.2008.896
https://doi.org/10.1056/NEJMra0904124
https://doi.org/10.1056/NEJMra0904124
https://doi.org/10.1016/j.coph.2006.07.001
https://doi.org/10.1016/j.coph.2006.07.001


171

32(Suppl 4):S215–S222. https://doi.org/10.1016/
S0924-8579(09)70005-6 [pii]

	 8.	Yahav D, Lador A, Paul M, Leibovici L (2011) 
Efficacy and safety of tigecycline: a systematic 
review and meta-analysis. J Antimicrob Chemother 
66(9):1963–1971. https://doi.org/10.1093/jac/
dkr242 [pii]

	 9.	Cai Y, Wang R, Liang B, Bai N, Liu Y (2011) 
Systematic review and meta-analysis of the effec-
tiveness and safety of tigecycline for treatment of 
infectious disease. Antimicrob Agents Chemother 
55(3):1162–1172. https://doi.org/10.1128/
AAC.01402-10 [pii]

	 10.	FDA (2010) Drug safety communication - increased 
risk of death with Tygacil (tigecycline) compared 
to other antibiotics used to treat similar infections. 
FDA

	 11.	Ku K, Pogue JM, Moshos J, Bheemreddy S, 
Wang Y, Bhargava A, Campbell M, Khandker 
N, Lephart PR, Chopra T, Hayakawa K, Martin 
ET, Abreu-Lanfranco O, Dhar S, Kaye KS, 
Marchaim D (2012) Retrospective evaluation 
of colistin versus tigecycline for the treatment 
of Acinetobacter baumannii and/or carbape-
nem-resistant Enterobacteriaceae infections. 
Am J  Infect Control 40(10):983–987. https://
doi.org/10.1016/j.ajic.2011.12.014 S0196-
6553(11)01336-8 [pii]

	 12.	Gilad J, Carmeli Y (2008) Treatment options for 
multidrug-resistant Acinetobacter species. Drugs 
68(2):165–189 doi:6823 [pii]

	 13.	Liscio JL, Mahoney MV, Hirsch EB (2015) 
Ceftolozane/tazobactam and ceftazidime/avibac-
tam: two novel beta-lactam/beta-lactamase inhibi-
tor combination agents for the treatment of resistant 
gram-negative bacterial infections. Int J Antimicrob 
Agents 46(3):266–271. https://doi.org/10.1016/j.
ijantimicag.2015.05.003 S0924-8579(15)00203-4 
[pii]

	 14.	Falagas ME, Rafailidis PI (2008) Re-emergence 
of colistin in today’s world of multidrug-resistant 
organisms: personal perspectives. Expert Opin 
Investig Drugs 17(7):973–981. https://doi.
org/10.1517/13543784.17.7.973

	 15.	Garonzik SM, Li J, Thamlikitkul V, Paterson DL, 
Shoham S, Jacob J, Silveira FP, Forrest A, Nation 
RL (2011) Population pharmacokinetics of colistin 
methanesulfonate and formed colistin in critically 
ill patients from a multicenter study provide dos-
ing suggestions for various categories of patients. 
Antimicrob Agents Chemother 55(7):3284–3294. 
https://doi.org/10.1128/AAC.01733-10 [pii]

	 16.	Theuretzbacher U (2014) Product information 
for parenteral colistin varies substantially across 
Europe. J  Antimicrob Chemother 69(7):1987–92. 
https://doi.org/10.1093/jac/dku064 [pii]

	 17.	Plachouras D, Karvanen M, Friberg LE, 
Papadomichelakis E, Antoniadou A, Tsangaris 
I, Karaiskos I, Poulakou G, Kontopidou F, 
Armaganidis A, Cars O, Giamarellou H (2009) 

Population pharmacokinetic analysis of colistin 
methanesulfonate and colistin after intravenous 
administration in critically ill patients with infec-
tions caused by gram-negative bacteria. Antimicrob 
Agents Chemother 53 (8):3430–3436. https://doi.
org/10.1128/AAC.01361-08 [pii]

	 18.	Pogue JM, Marchaim D, Kaye D, Kaye KS (2011) 
Revisiting “older” antimicrobials in the era of mul-
tidrug resistance. Pharmacotherapy 31(9):912–921. 
https://doi.org/10.1592/phco.31.9.912

	 19.	Pogue JM, Lee J, Marchaim D, Yee V, Zhao JJ, 
Chopra T, Lephart P, Kaye KS (2011) Incidence of 
and risk factors for colistin-associated nephrotoxic-
ity in a large academic health system. Clin Infect Dis 
53(9):879–884. https://doi.org/10.1093/cid/cir611 
[pii]

	 20.	Nazer LH, Anabtawi N (2017) Optimizing colistin 
dosing: is a loading dose necessary? Am J  Health 
Syst Pharm 74(1):e9–e16. https://doi.org/10.2146/
ajhp150876 74/1/e9 [pii]

	 21.	Vardakas KZ, Rellos K, Triarides NA, Falagas 
ME (2016) Colistin loading dose: evaluation 
of the published pharmacokinetic and clini-
cal data. Int J  Antimicrob Agents 48(5):475–
484. S0924-8579(16)30258-8 [pii] https://doi.
org/10.1016/j.ijantimicag.2016.08.009

	 22.	Dalfino L, Puntillo F, Mosca A, Monno R, Spada ML, 
Coppolecchia S, Miragliotta G, Bruno F, Brienza N 
(2012) High-dose, extended-interval colistin admin-
istration in critically ill patients: is this the right 
dosing strategy? A preliminary study. Clin Infect 
Dis 54(12):1720–1726. https://doi.org/10.1093/cid/
cis286 [pii]

	 23.	Falagas ME, Rafailidis PI, Ioannidou E, Alexiou 
VG, Matthaiou DK, Karageorgopoulos DE, 
Kapaskelis A, Nikita D, Michalopoulos A (2010) 
Colistin therapy for microbiologically documented 
multidrug-resistant Gram-negative bacterial infec-
tions: a retrospective cohort study of 258 patients. 
Int J  Antimicrob Agents 35(2):194–199. https://
doi.org/10.1016/j.ijantimicag.2009.10.005 S0924-
8579(09)00469-5 [pii]

	 24.	Zaidi ST, Al Omran S, Al Aithan AS, Al Sultan M 
(2014) Efficacy and safety of low-dose colistin in 
the treatment for infections caused by multidrug-
resistant gram-negative bacteria. J Clin Pharm Ther. 
https://doi.org/10.1111/jcpt.12138

	 25.	Nation RL, Li J, Cars O, Couet W, Dudley MN, 
Kaye KS, Mouton JW, Paterson DL, Tam VH, 
Theuretzbacher U, Tsuji BT, Turnidge JD (2014) 
Consistent global approach on reporting of colistin 
doses to promote safe and effective use. Clin Infect 
Dis 58(1):139–141. https://doi.org/10.1093/cid/
cit680 [pii]

	 26.	Paul M, Bishara J, Levcovich A, Chowers M, 
Goldberg E, Singer P, Lev S, Leon P, Raskin M, 
Yahav D, Leibovici L (2010) Effectiveness and 
safety of colistin: prospective comparative cohort 
study. J  Antimicrob Chemother 65(5):1019–1027. 
https://doi.org/10.1093/jac/dkq069 [pii]

12  Use of Colistin in Critically Ill Patients

https://doi.org/10.1016/S0924-8579(09)70005-6
https://doi.org/10.1016/S0924-8579(09)70005-6
https://doi.org/10.1093/jac/dkr242
https://doi.org/10.1093/jac/dkr242
https://doi.org/10.1128/AAC.01402-10
https://doi.org/10.1128/AAC.01402-10
https://doi.org/10.1016/j.ajic.2011.12.014
https://doi.org/10.1016/j.ajic.2011.12.014
https://doi.org/10.1016/j.ijantimicag.2015.05.003
https://doi.org/10.1016/j.ijantimicag.2015.05.003
https://doi.org/10.1517/13543784.17.7.973
https://doi.org/10.1517/13543784.17.7.973
https://doi.org/10.1128/AAC.01733-10
https://doi.org/10.1093/jac/dku064
https://doi.org/10.1128/AAC.01361-08
https://doi.org/10.1128/AAC.01361-08
https://doi.org/10.1592/phco.31.9.912
https://doi.org/10.1093/cid/cir611
https://doi.org/10.2146/ajhp150876
https://doi.org/10.2146/ajhp150876
https://doi.org/10.1016/j.ijantimicag.2016.08.009
https://doi.org/10.1016/j.ijantimicag.2016.08.009
https://doi.org/10.1093/cid/cis286
https://doi.org/10.1093/cid/cis286
https://doi.org/10.1016/j.ijantimicag.2009.10.005
https://doi.org/10.1016/j.ijantimicag.2009.10.005
https://doi.org/10.1111/jcpt.12138
https://doi.org/10.1093/cid/cit680
https://doi.org/10.1093/cid/cit680
https://doi.org/10.1093/jac/dkq069


172

	 27.	Markou N, Apostolakos H, Koumoudiou C, 
Athanasiou M, Koutsoukou A, Alamanos I, 
Gregorakos L (2003) Intravenous colistin in the 
treatment of sepsis from multiresistant Gram-
negative bacilli in critically ill patients. Crit Care 
7(5):R78–R83. https://doi.org/10.1186/cc2358

	 28.	Michalopoulos AS, Tsiodras S, Rellos K, 
Mentzelopoulos S, Falagas ME (2005) Colistin 
treatment in patients with ICU-acquired infections 
caused by multiresistant gram-negative bacteria: 
the renaissance of an old antibiotic. Clin Microbiol 
Infect 11(2):115–121. CLM1043 [pii] https://doi.
org/10.1111/j.1469-0691.2004.01043.x

	 29.	Kallel H, Bahloul M, Hergafi L, Akrout M, Ketata 
W, Chelly H, Hamida CB, Rekik N, Hammami A, 
Bouaziz M (2006) Colistin as a salvage therapy for 
nosocomial infections caused by multidrug-resistant 
bacteria in the ICU.  Int J  Antimicrob Agents 
28(4):366–369. S0924-8579(06)00290-1 [pii] 
https://doi.org/10.1016/j.ijantimicag.2006.07.008

	 30.	Yilmaz GR, Bastug AT, But A, Yildiz S, Yetkin MA, 
Kanyilmaz D, Akinci E, Bodur H (2013) Clinical 
and microbiological efficacy and toxicity of colistin 
in patients infected with multidrug-resistant gram-
negative pathogens. J  Infect Chemother 19(1):57–
62. https://doi.org/10.1007/s10156-012-0451-2

	 31.	Reina R, Estenssoro E, Saenz G, Canales HS, 
Gonzalvo R, Vidal G, Martins G, Das Neves A, 
Santander O, Ramos C (2005) Safety and efficacy 
of colistin in Acinetobacter and Pseudomonas infec-
tions: a prospective cohort study. Intensive Care 
Med 31(8):1058–1065. https://doi.org/10.1007/
s00134-005-2691-4

	 32.	Hachem RY, Chemaly RF, Ahmar CA, Jiang Y, 
Boktour MR, Rjaili GA, Bodey GP, Raad II (2007) 
Colistin is effective in treatment of infections caused 
by multidrug-resistant Pseudomonas aeruginosa 
in cancer patients. Antimicrob Agents Chemother 
51(6):1905–1911. AAC.01015-06 [pii] https://doi.
org/10.1128/AAC.01015-06

	 33.	Martin ET, Tansek R, Collins V, Hayakawa K, 
Abreu-Lanfranco O, Chopra T, Lephart PR, 
Pogue JM, Kaye KS, Marchaim D (2013) The 
carbapenem-resistant Enterobacteriaceae score: a 
bedside score to rule out infection with carbapenem-
resistant Enterobacteriaceae among hospitalized 
patients. Am J  Infect Control 41(2):180–182. 
https://doi.org/10.1016/j.ajic.2012.02.036 S0196-
6553(12)00716-X [pii]

	 34.	Livermore DM, Hill RL, Thomson H, Charlett A, 
Turton JF, Pike R, Patel BC, Manuel R, Gillespie S, 
Balakrishnan I, Barrett SP, Cumberland N, Twagira 
M (2010) Antimicrobial treatment and clinical out-
come for infections with carbapenem- and multiply-
resistant Acinetobacter baumannii around London. 
Int J  Antimicrob Agents 35(1):19–24. https://doi.
org/10.1016/j.ijantimicag.2009.09.014 S0924-
8579(09)00437-3 [pii]

	 35.	Yahav D, Farbman L, Leibovici L, Paul M 
(2012) Colistin: new lessons on an old antibiotic. 

Clin Microbiol Infect 18(1):18–29. https://doi.
org/10.1111/j.1469-0691.2011.03734.x

	 36.	Schwaber MJ, Lev B, Israeli A, Solter E, Smollan 
G, Rubinovitch B, Shalit I, Carmeli Y (2011) 
Containment of a country-wide outbreak of 
carbapenem-resistant Klebsiella pneumoniae in 
Israeli hospitals via a nationally implemented inter-
vention. Clin Infect Dis 52(7):848–855. https://doi.
org/10.1093/cid/cir025 [pii]

	 37.	Cuzon G, Naas T, Truong H, Villegas MV, Wisell 
KT, Carmeli Y, Gales AC, Venezia SN, Quinn 
JP, Nordmann P (2010) Worldwide diversity of 
Klebsiella pneumoniae that produce beta-lactamase 
blaKPC-2 gene. Emerg Infect Dis 16(9):1349–1356. 
https://doi.org/10.3201/eid1609.091389

	 38.	Munoz-Price LS, Poirel L, Bonomo RA, Schwaber 
MJ, Daikos GL, Cormican M, Cornaglia G, Garau 
J, Gniadkowski M, Hayden MK, Kumarasamy 
K, Livermore DM, Maya JJ, Nordmann P, Patel 
JB, Paterson DL, Pitout J, Villegas MV, Wang H, 
Woodford N, Quinn JP (2013) Clinical epidemiology 
of the global expansion of Klebsiella pneumoniae 
carbapenemases. Lancet Infect Dis 13(9):785–796. 
https://doi.org/10.1016/S1473-3099(13)70190-7 
S1473-3099(13)70190-7 [pii]

	 39.	Livermore DM (2005) Tigecycline: what is it, and 
where should it be used? J Antimicrob Chemother 
56(4):611–614. dki291 [pii] https://doi.org/10.1093/
jac/dki291

	 40.	Alvarez-Marin R, Lopez-Rojas R, Marquez JA, 
Gomez MJ, Molina J, Cisneros JM, Ortiz-Leyba 
C, Aznar J, Garnacho-Montero J, Pachon J  (2016) 
Colistin dosage without loading dose is efficacious 
when treating Carbapenem-resistant Acinetobacter 
baumannii ventilator-associated pneumonia caused 
by strains with high susceptibility to colistin. PLoS 
One 11(12):e0168468. https://doi.org/10.1371/jour-
nal.pone.0168468 PONE-D-16-24297 [pii]

	 41.	Roberts JA, Lipman J (2012) Editorial commentary: 
closing the loop--a colistin clinical study to con-
firm dosing recommendations from PK/PD model-
ing. Clin Infect Dis 54(12):1727–1729. https://doi.
org/10.1093/cid/cis311 [pii]

	 42.	Sorli L, Luque S, Segura C, Campillo N, Montero 
M, Esteve E, Herrera S, Benito N, Alvarez-Lerma 
F, Grau S, Horcajada JP (2017) Impact of colistin 
plasma levels on the clinical outcome of patients 
with infections caused by extremely drug-resis-
tant Pseudomonas aeruginosa. BMC Infect Dis 
17(1):11. https://doi.org/10.1186/s12879-016-
2117-7 [pii]

	 43.	Tumbarello M, Viale P, Viscoli C, Trecarichi EM, 
Tumietto F, Marchese A, Spanu T, Ambretti S, 
Ginocchio F, Cristini F, Losito AR, Tedeschi S, 
Cauda R, Bassetti M (2012) Predictors of mortal-
ity in bloodstream infections caused by Klebsiella 
pneumoniae carbapenemase-producing K. pneu-
moniae: importance of combination therapy. Clin 
Infect Dis 55(7):943–950. https://doi.org/10.1093/
cid/cis588 [pii]

D. Marchaim et al.

https://doi.org/10.1186/cc2358
https://doi.org/10.1111/j.1469-0691.2004.01043.x
https://doi.org/10.1111/j.1469-0691.2004.01043.x
https://doi.org/10.1016/j.ijantimicag.2006.07.008
https://doi.org/10.1007/s10156-012-0451-2
https://doi.org/10.1007/s00134-005-2691-4
https://doi.org/10.1007/s00134-005-2691-4
https://doi.org/10.1128/AAC.01015-06
https://doi.org/10.1128/AAC.01015-06
https://doi.org/10.1016/j.ajic.2012.02.036
https://doi.org/10.1016/j.ijantimicag.2009.09.014
https://doi.org/10.1016/j.ijantimicag.2009.09.014
https://doi.org/10.1111/j.1469-0691.2011.03734.x
https://doi.org/10.1111/j.1469-0691.2011.03734.x
https://doi.org/10.1093/cid/cir025
https://doi.org/10.1093/cid/cir025
https://doi.org/10.3201/eid1609.091389
https://doi.org/10.1016/S1473-3099(13)70190-7
https://doi.org/10.1093/jac/dki291
https://doi.org/10.1093/jac/dki291
https://doi.org/10.1371/journal.pone.0168468
https://doi.org/10.1371/journal.pone.0168468
https://doi.org/10.1093/cid/cis311
https://doi.org/10.1093/cid/cis311
https://doi.org/10.1186/s12879-016-2117-7
https://doi.org/10.1186/s12879-016-2117-7
https://doi.org/10.1093/cid/cis588
https://doi.org/10.1093/cid/cis588


173

	 44.	Li J, Nation RL, Milne RW, Turnidge JD, 
Coulthard K (2005) Evaluation of colistin as 
an agent against multi-resistant Gram-negative 
bacteria. Int J  Antimicrob Agents 25(1):11–
25. S0924-8579(04)00365-6 [pii] https://doi.
org/10.1016/j.ijantimicag.2004.10.001

	 45.	Kalin G, Alp E, Coskun R, Demiraslan H, 
Gundogan K, Doganay M (2012) Use of high-
dose IV and aerosolized colistin for the treatment 
of multidrug-resistant Acinetobacter baumannii 
ventilator-associated pneumonia: do we really need 
this treatment? J  Infect Chemother 18(6):872–877. 
https://doi.org/10.1007/s10156-012-0430-7

	 46.	Benattar YD, Omar M, Zusman O, Yahav D, Zak-
Doron Y, Altunin S, Elbaz M, Daitch V, Granot M, 
Leibovici L, Paul M (2016) The effectiveness and 
safety of high-dose colistin: prospective cohort 
study. Clin Infect Dis 63(12):1605–1612. ciw684 
[pii] https://doi.org/10.1093/cid/ciw684

	 47.	Breakpoint tables for interpretation of mics and zone 
diameters (2011) Eucast - European Committee on 
Antimicrobial Susceptibility Testing

	 48.	Performance standards for antimibrobial suscep-
tibility testing. Nineteenth informational supple-
ment. Approved standard M100-S19 (2009). CLSI, 
Wayne, PA

	 49.	Marchaim D, Chopra T, Pogue JM, Perez F, Hujer 
AM, Rudin S, Endimiani A, Navon-Venezia S, 
Hothi J, Slim J, Blunden C, Shango M, Lephart 
PR, Salimnia H, Reid D, Moshos J, Hafeez W, 
Bheemreddy S, Chen TY, Dhar S, Bonomo RA, 
Kaye KS (2011) Outbreak of colistin-resistant, 
carbapenem-resistant Klebsiella pneumoniae in 
metropolitan Detroit, Michigan. Antimicrob Agents 
Chemother 55(2):593–599. https://doi.org/10.1128/
AAC.01020-10 [pii]

	 50.	Mentzelopoulos SD, Pratikaki M, Platsouka E, 
Kraniotaki H, Zervakis D, Koutsoukou A, Nanas 
S, Paniara O, Roussos C, Giamarellos-Bourboulis 
E, Routsi C, Zakynthinos SG (2007) Prolonged 
use of carbapenems and colistin predisposes to 
ventilator-associated pneumonia by pandrug-
resistant Pseudomonas aeruginosa. Intensive Care 
Med 33(9):1524–1532. https://doi.org/10.1007/
s00134-007-0683-2

	 51.	Antoniadou A, Kontopidou F, Poulakou G, 
Koratzanis E, Galani I, Papadomichelakis E, 
Kopterides P, Souli M, Armaganidis A, Giamarellou 
H (2007) Colistin-resistant isolates of Klebsiella 
pneumoniae emerging in intensive care unit patients: 
first report of a multiclonal cluster. J  Antimicrob 
Chemother 59(4):786–790. dkl562 [pii] https://doi.
org/10.1093/jac/dkl562

	 52.	Falagas ME, Rafailidis PI, Matthaiou DK (2010) 
Resistance to polymyxins: mechanisms, fre-
quency and treatment options. Drug Resist Updat 
13(4–5):132–138. https://doi.org/10.1016/j.
drup.2010.05.002 S1368-7646(10)00031-2 [pii]

	 53.	Adams MD, Nickel GC, Bajaksouzian S, Lavender 
H, Murthy AR, Jacobs MR, Bonomo RA (2009) 

Resistance to colistin in Acinetobacter bauman-
nii associated with mutations in the PmrAB two-
component system. Antimicrob Agents Chemother 
53(9):3628–3634. https://doi.org/10.1128/
AAC.00284-09 [pii]

	 54.	Matthaiou DK, Michalopoulos A, Rafailidis PI, 
Karageorgopoulos DE, Papaioannou V, Ntani G, 
Samonis G, Falagas ME (2008) Risk factors asso-
ciated with the isolation of colistin-resistant gram-
negative bacteria: a matched case-control study. Crit 
Care Med 36(3):807–811. https://doi.org/10.1097/
CCM.0B013E3181652FAE 00003246-200803000-
00021 [pii]

	 55.	Zarkotou O, Pournaras S, Voulgari E, Chrysos G, 
Prekates A, Voutsinas D, Themeli-Digalaki K, 
Tsakris A (2010) Risk factors and outcomes asso-
ciated with acquisition of colistin-resistant KPC-
producing Klebsiella pneumoniae: a matched 
case-control study. J Clin Microbiol 48(6):2271–
2274. https://doi.org/10.1128/JCM.02301-09 
[pii]

	 56.	Bogdanovich T, Adams-Haduch JM, Tian GB, 
Nguyen MH, Kwak EJ, Muto CA, Doi Y (2011) 
Colistin-resistant, Klebsiella pneumoniae carbapen-
emase (KPC)-producing Klebsiella pneumoniae 
belonging to the international epidemic clone 
ST258. Clin Infect Dis 53(4):373–376. https://doi.
org/10.1093/cid/cir401 [pii]

	 57.	Bogan C, Marchaim D (2013) The role of antimi-
crobial stewardship in curbing carbapenem resis-
tance. Future Microbiol 8(8):979–991. https://doi.
org/10.2217/fmb.13.73

	 58.	Cai Y, Chai D, Wang R, Liang B, Bai N (2012) 
Colistin resistance of Acinetobacter baumannii: 
clinical reports, mechanisms and antimicrobial strat-
egies. J  Antimicrob Chemother 67(7):1607–1615. 
https://doi.org/10.1093/jac/dks084 [pii]

	 59.	Lim LM, Ly N, Anderson D, Yang JC, Macander L, 
Jarkowski A, 3rd, Forrest A, Bulitta JB, Tsuji BT 
(2010) Resurgence of colistin: a review of resis-
tance, toxicity, pharmacodynamics, and dosing. 
Pharmacotherapy 30(12):1279–1291. https://doi.
org/10.1592/phco.30.12.1279 [pii]

	 60.	Kawanishi M, Abo H, Ozawa M, Uchiyama M, 
Shirakawa T, Suzuki S, Shima A, Yamashita A, 
Sekizuka T, Kato K, Kuroda M, Koike R, Kijima M 
(2017) Prevalence of colistin resistance gene mcr-1 
and absence of mcr-2  in Escherichia coli isolated 
from healthy food-producing animals in Japan. 
Antimicrob Agents Chemother 61(1). e02057-16 
[pii] https://doi.org/10.1128/AAC.02057-16 [pii]

	 61.	Meinersmann RJ, Ladely SR, Plumblee JR, Cook 
KL, Thacker E (2017) Prevalence of mcr-1  in 
the Cecal contents of food animals in the 
United States. Antimicrob Agents Chemother 
61 (2). e02244-16 [pii] https://doi.org/10.1128/
AAC.02244-16 [pii]

	 62.	Tascini C, Ferranti S, Messina F, Menichetti F (2000) 
In vitro and in vivo synergistic activity of colistin, 
rifampin, and amikacin against a multiresistant 

12  Use of Colistin in Critically Ill Patients

https://doi.org/10.1016/j.ijantimicag.2004.10.001
https://doi.org/10.1016/j.ijantimicag.2004.10.001
https://doi.org/10.1007/s10156-012-0430-7
https://doi.org/10.1093/cid/ciw684
https://doi.org/10.1128/AAC.01020-10
https://doi.org/10.1128/AAC.01020-10
https://doi.org/10.1007/s00134-007-0683-2
https://doi.org/10.1007/s00134-007-0683-2
https://doi.org/10.1093/jac/dkl562
https://doi.org/10.1093/jac/dkl562
https://doi.org/10.1016/j.drup.2010.05.002
https://doi.org/10.1016/j.drup.2010.05.002
https://doi.org/10.1128/AAC.00284-09
https://doi.org/10.1128/AAC.00284-09
https://doi.org/10.1097/CCM.0B013E3181652FAE
https://doi.org/10.1097/CCM.0B013E3181652FAE
https://doi.org/10.1128/JCM.02301-09
https://doi.org/10.1093/cid/cir401
https://doi.org/10.1093/cid/cir401
https://doi.org/10.2217/fmb.13.73
https://doi.org/10.2217/fmb.13.73
https://doi.org/10.1093/jac/dks084
https://doi.org/10.1592/phco.30.12.1279
https://doi.org/10.1592/phco.30.12.1279
https://doi.org/10.1128/AAC.02057-16
https://doi.org/10.1128/AAC.02244-16
https://doi.org/10.1128/AAC.02244-16


174

Pseudomonas aeruginosa isolate. Clin Microbiol 
Infect 6(12):690–691 doi:clm169 [pii]

	 63.	Giamarellos-Bourboulis EJ, Sambatakou H, Galani 
I, Giamarellou H (2003) In vitro interaction of colis-
tin and rifampin on multidrug-resistant Pseudomonas 
aeruginosa. J Chemother 15(3):235–238. https://doi.
org/10.1179/joc.2003.15.3.235

	 64.	Gunderson BW, Ibrahim KH, Hovde LB, Fromm TL, 
Reed MD, Rotschafer JC (2003) Synergistic activity 
of colistin and ceftazidime against multiantibiotic-
resistant Pseudomonas aeruginosa in an in  vitro 
pharmacodynamic model. Antimicrob Agents 
Chemother 47(3):905–909

	 65.	Tascini C, Gemignani G, Ferranti S, Tagliaferri 
E, Leonildi A, Lucarini A, Menichetti F (2004) 
Microbiological activity and clinical efficacy of a 
colistin and rifampin combination in multidrug-
resistant Pseudomonas aeruginosa infections. 
J Chemother 16(3):282–287. https://doi.org/10.1179/
joc.2004.16.3.282

	 66.	Petersen PJ, Labthavikul P, Jones CH, Bradford PA 
(2006) In vitro antibacterial activities of tigecycline 
in combination with other antimicrobial agents 
determined by chequerboard and time-kill kinetic 
analysis. J  Antimicrob Chemother 57(3):573–576. 
dki477 [pii] https://doi.org/10.1093/jac/dki477

	 67.	Timurkaynak F, Can F, Azap OK, Demirbilek M, 
Arslan H, Karaman SO (2006) In vitro activi-
ties of non-traditional antimicrobials alone 
or in combination against multidrug-resis-
tant strains of Pseudomonas aeruginosa and 
Acinetobacter baumannii isolated from intensive 
care units. Int J  Antimicrob Agents 27(3):224–
228. S0924-8579(05)00331-6 [pii] https://doi.
org/10.1016/j.ijantimicag.2005.10.012

	 68.	Zhanel GG, Mayer M, Laing N, Adam HJ (2006) 
Mutant prevention concentrations of levofloxa-
cin alone and in combination with azithromycin, 
ceftazidime, colistin (Polymyxin E), meropenem, 
piperacillin-tazobactam, and tobramycin against 
Pseudomonas aeruginosa. Antimicrob Agents 
Chemother 50(6):2228–2230. 50/6/2228 [pii] 
https://doi.org/10.1128/AAC.01620-05

	 69.	Biancofiore G, Tascini C, Bisa M, Gemignani G, 
Bindi ML, Leonildi A, Giannotti G, Menichetti 
F (2007) Colistin, meropenem and rifampin in 
a combination therapy for multi-drug-resistant 
Acinetobacter baumannii multifocal infection. A 
case report. Minerva Anestesiol 73(3):181–185 
doi:R02064890 [pii]

	 70.	Chitnis S, Chitnis V, Chitnis DS (2007) In vitro syner-
gistic activity of colistin with aminoglycosides, beta-
lactams and rifampin against multidrug-resistant 
gram-negative bacteria. J  Chemother 19(2):226–
229. https://doi.org/10.1179/joc.2007.19.2.226

	 71.	Lee NY, Wang CL, Chuang YC, Yu WL, Lee HC, 
Chang CM, Wang LR, Ko WC (2007) Combination 
carbapenem-sulbactam therapy for critically ill 
patients with multidrug-resistant Acinetobacter bau-
mannii bacteremia: four case reports and an in vitro 

combination synergy study. Pharmacotherapy 
27(11):1506–1511. https://doi.org/10.1592/
phco.27.11.1506

	 72.	Song JY, Kee SY, Hwang IS, Seo YB, Jeong HW, 
Kim WJ, Cheong HJ (2007) In vitro activities of 
carbapenem/sulbactam combination, colistin, colis-
tin/rifampicin combination and tigecycline against 
carbapenem-resistant Acinetobacter baumannii. 
J  Antimicrob Chemother 60(2):317–322. dkm136 
[pii] https://doi.org/10.1093/jac/dkm136

	 73.	Tan TY, Ng LS, Tan E, Huang G (2007) In vitro 
effect of minocycline and colistin combinations on 
imipenem-resistant Acinetobacter baumannii clini-
cal isolates. J  Antimicrob Chemother 60(2):421–
423. dkm178 [pii] https://doi.org/10.1093/jac/
dkm178

	 74.	Guzel CB, Gerceker AA (2008) In vitro activities of 
various antibiotics, alone and in combination with 
colistin methanesulfonate, against Pseudomonas 
aeruginosa strains isolated from cystic fibrosis 
patients. Chemotherapy 54(2):147–151. https://doi.
org/10.1159/000119741 [pii]

	 75.	Petrosillo N, Ioannidou E, Falagas ME (2008) 
Colistin monotherapy vs. combination therapy: 
evidence from microbiological, animal and clini-
cal studies. Clin Microbiol Infect 14(9):816–827. 
https://doi.org/10.1111/j.1469-0691.2008.02061.x 
CLM2061 [pii]

	 76.	Tascini C, Urbani L, Biancofiore G, Rossolini GM, 
Leonildi A, Gemignani G, Bindi ML, Mugnaioli C, 
Filipponi F, Menichetti F (2008) Colistin in com-
bination with rifampin and imipenem for treating 
a blaVIM-1 metallo-beta-lactamase-producing 
Enterobacter cloacae disseminated infection in a 
liver transplant patient. Minerva Anestesiol 74(1–
2):47–49 doi:R02075090 [pii]

	 77.	Aoki N, Tateda K, Kikuchi Y, Kimura S, Miyazaki 
C, Ishii Y, Tanabe Y, Gejyo F, Yamaguchi K (2009) 
Efficacy of colistin combination therapy in a mouse 
model of pneumonia caused by multidrug-resistant 
Pseudomonas aeruginosa. J Antimicrob Chemother 
63(3):534–542. https://doi.org/10.1093/jac/dkn530 
[pii]

	 78.	Maisetta G, Mangoni ML, Esin S, Pichierri G, Capria 
AL, Brancatisano FL, Di Luca M, Barnini S, Barra 
D, Campa M, Batoni G (2009) In vitro bactericidal 
activity of the N-terminal fragment of the frog pep-
tide esculentin-1b (Esc 1-18) in combination with 
conventional antibiotics against Stenotrophomonas 
maltophilia. Peptides 30(9):1622–1626. https://
d o i . o rg / 1 0 . 1 0 1 6 / j . p e p t i d e s . 2 0 0 9 . 0 6 . 0 0 4 
S0196-9781(09)00222-8 [pii]

	 79.	Principe L, D’Arezzo S, Capone A, Petrosillo N, 
Visca P (2009) In vitro activity of tigecycline in 
combination with various antimicrobials against 
multidrug resistant Acinetobacter baumannii. 
Ann Clin Microbiol Antimicrob 8:18. https://doi.
org/10.1186/1476-0711-8-18 [pii]

	 80.	Song JY, Cheong HJ, Lee J, Sung AK, Kim WJ (2009) 
Efficacy of monotherapy and combined antibiotic 

D. Marchaim et al.

https://doi.org/10.1179/joc.2003.15.3.235
https://doi.org/10.1179/joc.2003.15.3.235
https://doi.org/10.1179/joc.2004.16.3.282
https://doi.org/10.1179/joc.2004.16.3.282
https://doi.org/10.1093/jac/dki477
https://doi.org/10.1016/j.ijantimicag.2005.10.012
https://doi.org/10.1016/j.ijantimicag.2005.10.012
https://doi.org/10.1128/AAC.01620-05
https://doi.org/10.1179/joc.2007.19.2.226
https://doi.org/10.1592/phco.27.11.1506
https://doi.org/10.1592/phco.27.11.1506
https://doi.org/10.1093/jac/dkm136
https://doi.org/10.1093/jac/dkm178
https://doi.org/10.1093/jac/dkm178
https://doi.org/10.1159/000119741
https://doi.org/10.1159/000119741
https://doi.org/10.1111/j.1469-0691.2008.02061.x
https://doi.org/10.1093/jac/dkn530
https://doi.org/10.1016/j.peptides.2009.06.004
https://doi.org/10.1016/j.peptides.2009.06.004
https://doi.org/10.1186/1476-0711-8-18
https://doi.org/10.1186/1476-0711-8-18


175

therapy for carbapenem-resistant Acinetobacter 
baumannii pneumonia in an immunosuppressed 
mouse model. Int J Antimicrob Agents 33(1):33–39. 
https://doi.org/10.1016/j.ijantimicag.2008.07.008 
S0924-8579(08)00317-8 [pii]

	 81.	Souli M, Rekatsina PD, Chryssouli Z, Galani I, 
Giamarellou H, Kanellakopoulou K (2009) Does 
the activity of the combination of imipenem and 
colistin in vitro exceed the problem of resistance in 
metallo-beta-lactamase-producing Klebsiella pneu-
moniae isolates? Antimicrob Agents Chemother 
53(5):2133–2135. https://doi.org/10.1128/
AAC.01271-08 AAC.01271-08 [pii]

	 82.	Dizbay M, Tozlu DK, Cirak MY, Isik Y, Ozdemir 
K, Arman D (2010) In vitro synergistic activity of 
tigecycline and colistin against XDR-Acinetobacter 
baumannii. J  Antibiot (Tokyo) 63(2):51–53.https://
doi.org/10.1038/ja.2009.117 [pii]

	 83.	Rodriguez CH, De Ambrosio A, Bajuk M, Spinozzi 
M, Nastro M, Bombicino K, Radice M, Gutkind 
G, Vay C, Famiglietti A (2010) In vitro antimicro-
bials activity against endemic Acinetobacter bau-
mannii multiresistant clones. J  Infect Dev Ctries 
4(3):164–167

	 84.	Bercot B, Poirel L, Dortet L, Nordmann P (2011) 
In vitro evaluation of antibiotic synergy for NDM-
1-producing Enterobacteriaceae. J  Antimicrob 
Chemother 66(10):2295–2297. doi:https://doi.
org/10.1093/jac/dkr296 [pii]

	 85.	Liang W, Liu XF, Huang J, Zhu DM, Li J, Zhang 
J  (2011) Activities of colistin- and minocycline-
based combinations against extensive drug resistant 
Acinetobacter baumannii isolates from intensive 
care unit patients. BMC Infect Dis 11:109. https://
doi.org/10.1186/1471-2334-11-109 [pii]

	 86.	Pournaras S, Vrioni G, Neou E, Dendrinos J, 
Dimitroulia E, Poulou A, Tsakris A (2011) Activity 
of tigecycline alone and in combination with colistin 
and meropenem against Klebsiella pneumoniae car-
bapenemase (KPC)-producing Enterobacteriaceae 
strains by time-kill assay. Int J Antimicrob Agents 
37(3):244–247. https://doi.org/10.1016/j.ijantimi-
cag.2010.10.031 S0924-8579(10)00533-9 [pii]

	 87.	Trotman RL, Williamson JC, Shoemaker DM, 
Salzer WL (2005) Antibiotic dosing in critically ill 
adult patients receiving continuous renal replace-
ment therapy. Clin Infect Dis 41(8):1159–1166. 
CID35961 [pii] https://doi.org/10.1086/444500

	 88.	Falagas ME, Lourida P, Poulikakos P, Rafailidis PI, 
Tansarli GS (2014) Antibiotic treatment of infections 
due to carbapenem-resistant Enterobacteriaceae: 
systematic evaluation of the available evidence. 
Antimicrob Agents Chemother 58(2):654–663. 
https://doi.org/10.1128/AAC.01222-13 [pii]

	 89.	Zusman O, Avni T, Leibovici L, Adler A, Friberg 
L, Stergiopoulou T, Carmeli Y, Paul M (2013) 
Systematic review and meta-analysis of in vitro syn-
ergy of polymyxins and carbapenems. Antimicrob 
Agents Chemother 57(10):5104–5111. https://doi.
org/10.1128/AAC.01230-13 [pii]

	 90.	Bergen PJ, Tsuji BT, Bulitta JB, Forrest A, Jacob 
J, Sidjabat HE, Paterson DL, Nation RL, Li 
J  (2011) Synergistic killing of multidrug-resistant 
Pseudomonas aeruginosa at multiple inocula by 
colistin combined with doripenem in an in vitro phar-
macokinetic/pharmacodynamic model. Antimicrob 
Agents Chemother 55(12):5685–5695. https://doi.
org/10.1128/AAC.05298-11 [pii]

	 91.	Molina J, Cordero E, Palomino J, Pachon J  (2009) 
[Aminoglycosides and polymyxins]. Enferm 
Infecc Microbiol Clin 27(3):178–188. https://
doi.org/10.1016/j.eimc.2009.02.001 S0213-
005X(09)00098-6 [pii]

	 92.	Marchaim D, Perez F, Lee J, Bheemreddy S, Hujer 
AM, Rudin S, Hayakawa K, Lephart PR, Blunden 
C, Shango M, Campbell ML, Varkey J, Manickam 
P, Patel D, Pogue JM, Chopra T, Martin ET, Dhar 
S, Bonomo RA, Kaye KS (2012) “Swimming in 
resistance”: co-colonization with carbapenem-
resistant Enterobacteriaceae and Acinetobacter bau-
mannii or Pseudomonas aeruginosa. Am J  Infect 
Control 40(9):830–835. https://doi.org/10.1016/j.
ajic.2011.10.013 S0196-6553(11)01267-3 [pii]

	 93.	Paul M, Daikos GL, Durante-Mangoni E, Yahav 
D, Carmeli Y, Benattar YD, Skiada A, Andini 
R, Eliakim-Raz N, Nutman A, Zusman O, 
Antoniadou A, Pafundi PC, Adler A, Dickstein 
Y, Pavleas I, Zampino R, Daitch V, Bitterman R, 
Zayyad H, Koppel F, Levi I, Babich T, Friberg 
LE, Mouton JW, Theuretzbacher U, Leibovici L 
(2018) Colistin alone versus colistin plus merope-
nem for treatment of severe infections caused by 
carbapenem-resistant Gram-negative bacteria: an 
open-label, randomised controlled trial. Lancet 
Infect Dis 18(4):391–400. https://doi.org/10.1016/
S1473-3099(18)30099-9

	 94.	Zavascki AP (2018) Colistin versus colistin plus 
meropenem for severe infections. Lancet Infect 
Dis 18(5):493–494. https://doi.org/10.1016/
S1473-3099(18)30212-3

	 95.	Kengkla K, Kongpakwattana K, Saokaew S, 
Apisarnthanarak A, Chaiyakunapruk N (2018) 
Comparative efficacy and safety of treatment options 
for MDR and XDR Acinetobacter baumannii infec-
tions: a systematic review and network meta-
analysis. J  Antimicrob Chemother 73(1):22–32. 
https://doi.org/10.1093/jac/dkx368

	 96.	Bergen PJ, Landersdorfer CB, Zhang J, Zhao M, 
Lee HJ, Nation RL, Li J  (2012) Pharmacokinetics 
and pharmacodynamics of ‘old’ polymyxins: what 
is new? Diagn Microbiol Infect Dis 74 (3):213–223. 
https://doi.org/10.1016/j.diagmicrobio.2012.07.010 
S0732-8893(12)00309-4 [pii]

	 97.	Athanassa ZE, Markantonis SL, Fousteri MZ, 
Myrianthefs PM, Boutzouka EG, Tsakris A, 
Baltopoulos GJ (2012) Pharmacokinetics of inhaled 
colistimethate sodium (CMS) in mechanically 
ventilated critically ill patients. Intensive Care 
Med 38(11):1779–1786. https://doi.org/10.1007/
s00134-012-2628-7

12  Use of Colistin in Critically Ill Patients

https://doi.org/10.1016/j.ijantimicag.2008.07.008
https://doi.org/10.1128/AAC.01271-08
https://doi.org/10.1128/AAC.01271-08
https://doi.org/10.1038/ja.2009.117
https://doi.org/10.1038/ja.2009.117
https://doi.org/10.1093/jac/dkr296
https://doi.org/10.1093/jac/dkr296
https://doi.org/10.1186/1471-2334-11-109
https://doi.org/10.1186/1471-2334-11-109
https://doi.org/10.1016/j.ijantimicag.2010.10.031
https://doi.org/10.1016/j.ijantimicag.2010.10.031
https://doi.org/10.1086/444500
https://doi.org/10.1128/AAC.01222-13
https://doi.org/10.1128/AAC.01230-13
https://doi.org/10.1128/AAC.01230-13
https://doi.org/10.1128/AAC.05298-11
https://doi.org/10.1128/AAC.05298-11
https://doi.org/10.1016/j.eimc.2009.02.001
https://doi.org/10.1016/j.eimc.2009.02.001
https://doi.org/10.1016/j.ajic.2011.10.013
https://doi.org/10.1016/j.ajic.2011.10.013
https://doi.org/10.1016/S1473-3099(18)30099-9
https://doi.org/10.1016/S1473-3099(18)30099-9
https://doi.org/10.1016/S1473-3099(18)30212-3
https://doi.org/10.1016/S1473-3099(18)30212-3
https://doi.org/10.1093/jac/dkx368
https://doi.org/10.1016/j.diagmicrobio.2012.07.010
https://doi.org/10.1007/s00134-012-2628-7
https://doi.org/10.1007/s00134-012-2628-7


176

	 98.	Linden PK, Paterson DL (2006) Parenteral and 
inhaled colistin for treatment of ventilator-associated 
pneumonia. Clin Infect Dis 43Suppl 2:S89–S94. 
CID38720 [pii] https://doi.org/10.1086/504485

	 99.	Beringer P (2001) The clinical use of colistin in 
patients with cystic fibrosis. Curr Opin Pulm Med 
7(6):434–440

	100.	Hamer DH (2000) Treatment of nosocomial pneu-
monia and tracheobronchitis caused by multidrug-
resistant Pseudomonas aeruginosa with aerosolized 
colistin. Am J  Respir Crit Care Med 162(1):328–
330. https://doi.org/10.1164/ajrccm.162.1.9910071

	101.	Kwa AL, Loh C, Low JG, Kurup A, Tam VH (2005) 
Nebulized colistin in the treatment of pneumo-
nia due to multidrug-resistant Acinetobacter bau-
mannii and Pseudomonas aeruginosa. Clin Infect 
Dis 41 (5):754–757. CID36576 [pii] https://doi.
org/10.1086/432583

	102.	Michalopoulos A, Kasiakou SK, Mastora Z, Rellos 
K, Kapaskelis AM, Falagas ME (2005) Aerosolized 
colistin for the treatment of nosocomial pneumonia 
due to multidrug-resistant Gram-negative bacteria in 
patients without cystic fibrosis. Crit Care 9(1):R53–
R59. cc3020 [pii] https://doi.org/10.1186/cc3020

	103.	Falagas ME, Kasiakou SK, Tsiodras S, 
Michalopoulos A (2006) The use of intravenous and 
aerosolized polymyxins for the treatment of infec-
tions in critically ill patients: a review of the recent 
literature. Clin Med Res 4(2):138–146. doi: 4/2/138 
[pii]

	104.	Michalopoulos A, Fotakis D, Virtzili S, Vletsas 
C, Raftopoulou S, Mastora Z, Falagas ME 
(2008) Aerosolized colistin as adjunctive treat-
ment of ventilator-associated pneumonia due 
to multidrug-resistant Gram-negative bacteria: 
a prospective study. Respir Med 102(3):407–
412. S0954-6111(07)00433-7 [pii] https://doi.
org/10.1016/j.rmed.2007.10.011

	105.	Kofteridis DP, Alexopoulou C, Valachis A, Maraki S, 
Dimopoulou D, Georgopoulos D, Samonis G (2010) 
Aerosolized plus intravenous colistin versus intrave-
nous colistin alone for the treatment of ventilator-
associated pneumonia: a matched case-control 
study. Clin Infect Dis 51(11):1238–1244. https://doi.
org/10.1086/657242

	106.	Korbila IP, Michalopoulos A, Rafailidis PI, Nikita D, 
Samonis G, Falagas ME (2010) Inhaled colistin as 
adjunctive therapy to intravenous colistin for the treat-
ment of microbiologically documented ventilator-
associated pneumonia: a comparative cohort study. 
Clin Microbiol Infect 16(8):1230–1236. https://doi.
org/10.1111/j.1469-0691.2009.03040.x CLM3040 
[pii]

	107.	Ehrmann S, Roche-Campo F, Sferrazza Papa GF, 
Isabey D, Brochard L, Apiou-Sbirlea G (2013) 
Aerosol therapy during mechanical ventilation: an 
international survey. Intensive Care Med 39(6):1048–
1056. https://doi.org/10.1007/s00134-013-2872-5

	108.	Lepine PA, Dumas A, Boulet LP (2017) Pulmonary 
eosinophilia from inhaled colistin. Chest 151(1):e1–

e3. S0012-3692(16)52646-4 [pii] https://doi.
org/10.1016/j.chest.2016.07.001

	109.	Florescu DF, Qiu F, McCartan MA, Mindru C, Fey 
PD, Kalil AC (2012) What is the efficacy and safety 
of colistin for the treatment of ventilator-associ-
ated pneumonia? A systematic review and meta-
regression. Clin Infect Dis 54(5):670–680.https://
doi.org/10.1093/cid/cir934 [pii]

	110.	Ng J, Gosbell IB, Kelly JA, Boyle MJ, Ferguson 
JK (2006) Cure of multiresistant Acinetobacter 
baumannii central nervous system infections with 
intraventricular or intrathecal colistin: case series 
and literature review. J  Antimicrob Chemother 
58(5):1078–1081. dkl347 [pii] https://doi.
org/10.1093/jac/dkl347

	111.	Benifla M, Zucker G, Cohen A, Alkan M (2004) 
Successful treatment of Acinetobacter meningi-
tis with intrathecal polymyxin E.  J Antimicrob 
Chemother 54 (1):290–292. https://doi.org/10.1093/
jac/dkh289 [pii]

	112.	Kasiakou SK, Rafailidis PI, Liaropoulos K, Falagas 
ME (2005) Cure of post-traumatic recurrent mul-
tiresistant Gram-negative rod meningitis with 
intraventricular colistin. J  Infect 50 (4):348–352. 
S0163445304000982 [pii] https://doi.org/10.1016/j.
jinf.2004.05.008

	113.	Bukhary Z, Mahmood W, Al-Khani A, Al-Abdely 
HM (2005) Treatment of nosocomial meningitis 
due to a multidrug resistant Acinetobacter bau-
mannii with intraventricular colistin. Saudi Med 
J 26(4):656–658. doi:20040735 [pii]

	114.	Berlana D, Llop JM, Fort E, Badia MB, Jodar R 
(2005) Use of colistin in the treatment of multiple-
drug-resistant gram-negative infections. Am J Health 
Syst Pharm 62(1):39–47

	115.	Khawcharoenporn T, Apisarnthanarak A, Mundy 
LM (2010) Intrathecal colistin for drug-resistant 
Acinetobacter baumannii central nervous sys-
tem infection: a case series and systematic review. 
Clin Microbiol Infect 16(7):888–894. https://doi.
org/10.1111/j.1469-0691.2009.03019.x CLM3019 
[pii]

	116.	Fernandez-Viladrich P, Corbella X, Corral L, Tubau 
F, Mateu A (1999) Successful treatment of ventricu-
litis due to carbapenem-resistant Acinetobacter bau-
mannii with intraventricular colistin sulfomethate 
sodium. Clin Infect Dis 28(4):916–917. https://doi.
org/10.1086/517243

	117.	Vasen W, Desmery P, Ilutovich S, Di Martino A 
(2000) Intrathecal use of colistin. J Clin Microbiol 
38(9):3523

	118.	Yagmur R, Esen F (2006) Intrathecal colistin for 
treatment of Pseudomonas aeruginosa ventriculitis: 
report of a case with successful outcome. Crit Care 
10(6):428. cc5088 [pii] https://doi.org/10.1186/
cc5088

	119.	Karaiskos I, Galani L, Baziaka F, Katsouda E, 
Ioannidis I, Andreou A, Paskalis H, Giamarellou H 
(2013) Successful treatment of extensively drug-
resistant Acinetobacter baumannii ventriculitis and 

D. Marchaim et al.

https://doi.org/10.1086/504485
https://doi.org/10.1164/ajrccm.162.1.9910071
https://doi.org/10.1086/432583
https://doi.org/10.1086/432583
https://doi.org/10.1186/cc3020
https://doi.org/10.1016/j.rmed.2007.10.011
https://doi.org/10.1016/j.rmed.2007.10.011
https://doi.org/10.1086/657242
https://doi.org/10.1086/657242
https://doi.org/10.1111/j.1469-0691.2009.03040.x
https://doi.org/10.1111/j.1469-0691.2009.03040.x
https://doi.org/10.1007/s00134-013-2872-5
https://doi.org/10.1016/j.chest.2016.07.001
https://doi.org/10.1016/j.chest.2016.07.001
https://doi.org/10.1093/cid/cir934
https://doi.org/10.1093/cid/cir934
https://doi.org/10.1093/jac/dkl347
https://doi.org/10.1093/jac/dkl347
https://doi.org/10.1093/jac/dkh289
https://doi.org/10.1093/jac/dkh289
https://doi.org/10.1016/j.jinf.2004.05.008
https://doi.org/10.1016/j.jinf.2004.05.008
https://doi.org/10.1111/j.1469-0691.2009.03019.x
https://doi.org/10.1111/j.1469-0691.2009.03019.x
https://doi.org/10.1086/517243
https://doi.org/10.1086/517243
https://doi.org/10.1186/cc5088
https://doi.org/10.1186/cc5088


177

meningitis with intraventricular colistin after applica-
tion of a loading dose: a case series. Int J Antimicrob 
Agents 41(5):480–483. https://doi.org/10.1016/j.ijan-
timicag.2013.02.010 S0924-8579(13)00070-8 [pii]

	120.	Karaiskos I, Galani L, Baziaka F, Giamarellou 
H (2013) Intraventricular and intrathecal colistin 
as the last therapeutic resort for the treatment of 
multidrug-resistant and extensively drug-resistant 
Acinetobacter baumannii ventriculitis and menin-
gitis: a literature review. Int J  Antimicrob Agents 
41(6):499–508. https://doi.org/10.1016/j.ijantimi-
cag.2013.02.006 S0924-8579(13)00054-X [pii]

	121.	Bargiacchi O, Rossati A, Car P, Brustia D, Brondolo 
R, Rosa F, Garavelli PL, De Rosa FG (2014) 
Intrathecal/intraventricular colistin in external ven-
tricular device-related infections by multi-drug resis-
tant Gram negative bacteria: case reports and review. 
Infection 42(5):801–809. https://doi.org/10.1007/
s15010-014-0618-0

	122.	Ceylan B, Arslan F, Sipahi OR, Sunbul M, Ormen 
B, Hakyemez IN, Turunc T, Yildiz Y, Karsen H, 
Karagoz G, Tekin R, Hizarci B, Turhan V, Senol 
S, Oztoprak N, Yilmaz M, Ozdemir K, Mermer 
S, Kokoglu OF, Mert A (2017) Variables deter-
mining mortality in patients with Acinetobacter 
baumannii meningitis/ventriculitis treated with 
intrathecal colistin. Clin Neurol Neurosurg 153:43–
49. S0303-8467(16)30432-2 [pii] https://doi.
org/10.1016/j.clineuro.2016.12.006

	123.	de Jonge E, Schultz MJ, Spanjaard L, Bossuyt 
PM, Vroom MB, Dankert J, Kesecioglu J  (2003) 
Effects of selective decontamination of diges-
tive tract on mortality and acquisition of resis-
tant bacteria in intensive care: a randomised 
controlled trial. Lancet 362(9389):1011–1016. 
S0140-6736(03)14409-1 [pii] https://doi.
org/10.1016/S0140-6736(03)14409-1

	124.	Martin WJ (1964) Newer antimicrobial agents hav-
ing current or potential clinical application. Med 
Clin North Am 48:255–292

	125.	Abele-Horn M, Dauber A, Bauernfeind A, Russwurm 
W, Seyfarth-Metzger I, Gleich P, Ruckdeschel G 
(1997) Decrease in nosocomial pneumonia in venti-
lated patients by selective oropharyngeal decontami-
nation (SOD). Intensive Care Med 23(2):187–195

	126.	Saidel-Odes L, Polachek H, Peled N, Riesenberg 
K, Schlaeffer F, Trabelsi Y, Eskira S, Yousef B, 
Smolykov R, Codish S, Borer A (2012) A ran-
domized, double-blind, placebo-controlled trial of 
selective digestive decontamination using oral gen-
tamicin and oral polymyxin E for eradication of 
carbapenem-resistant Klebsiella pneumoniae car-
riage. Infect Control Hosp Epidemiol 33(1):14–19. 
https://doi.org/10.1086/663206

	127.	Agusti C, Pujol M, Argerich MJ, Ayats J, Badia M, 
Dominguez MA, Corbella X, Ariza J (2002) Short-
term effect of the application of selective decontami-
nation of the digestive tract on different body site 
reservoir ICU patients colonized by multi-resistant 

Acinetobacter baumannii. J Antimicrob Chemother 
49(1):205–208

	128.	Bergmans DC, Bonten MJ, Gaillard CA, Paling 
JC, van der Geest S, van Tiel FH, Beysens AJ, de 
Leeuw PW, Stobberingh EE (2001) Prevention of 
ventilator-associated pneumonia by oral decon-
tamination: a prospective, randomized, double-
blind, placebo-controlled study. Am J  Respir Crit 
Care Med 164(3):382–388. https://doi.org/10.1164/
ajrccm.164.3.2005003

	129.	de Smet AM, Kluytmans JA, Cooper BS, Mascini 
EM, Benus RF, van der Werf TS, van der Hoeven 
JG, Pickkers P, Bogaers-Hofman D, van der Meer 
NJ, Bernards AT, Kuijper EJ, Joore JC, Leverstein-
van Hall MA, Bindels AJ, Jansz AR, Wesselink RM, 
de Jongh BM, Dennesen PJ, van Asselt GJ, te Velde 
LF, Frenay IH, Kaasjager K, Bosch FH, van Iterson 
M, Thijsen SF, Kluge GH, Pauw W, de Vries JW, 
Kaan JA, Arends JP, Aarts LP, Sturm PD, Harinck 
HI, Voss A, Uijtendaal EV, Blok HE, Thieme Groen 
ES, Pouw ME, Kalkman CJ, Bonten MJ (2009) 
Decontamination of the digestive tract and orophar-
ynx in ICU patients. N Engl J  Med 360(1):20–31. 
https://doi.org/10.1056/NEJMoa0800394 360/1/20 
[pii]

	130.	Godard J, Guillaume C, Reverdy ME, Bachmann P, 
Bui-Xuan B, Nageotte A, Motin J (1990) Intestinal 
decontamination in a polyvalent ICU.  A double-
blind study. Intensive Care Med 16(5):307–311

	131.	Gomez EC, Markowsky SJ, Rotschafer JC (1992) 
Selective decontamination of the digestive tract in 
intensive care patients: review and commentary. Ann 
Pharmacother 26(7–8):963–976

	132.	Hammond JM, Potgieter PD (1995) Is there a role 
for selective decontamination of the digestive tract 
in primarily infected patients in the ICU? Anaesth 
Intensive Care 23(2):168–174

	133.	Hammond JM, Potgieter PD (1995) Long-term 
effects of selective decontamination on antimicro-
bial resistance. Crit Care Med 23(4):637–645

	134.	Hammond JM, Potgieter PD, Saunders GL (1994) 
Selective decontamination of the digestive tract in 
multiple trauma patients--is there a role? Results of 
a prospective, double-blind, randomized trial. Crit 
Care Med 22(1):33–39

	135.	Hammond JM, Potgieter PD, Saunders GL, Forder 
AA (1992) Double-blind study of selective decon-
tamination of the digestive tract in intensive care. 
Lancet 340(8810):5–9. doi:0140-6736(92)92422-C 
[pii]

	136.	Hartenauer U, Thulig B, Diemer W, Lawin P, Fegeler 
W, Kehrel R, Ritzerfeld W (1991) Effect of selec-
tive flora suppression on colonization, infection, 
and mortality in critically ill patients: a one-year, 
prospective consecutive study. Crit Care Med 
19(4):463–473

	137.	Herruzo-Cabrera R, Garcia Gonzalez JI, Garcia-
Magan P, del Rey-Calero J  (1994) Nosocomial 
infection in a neonatal intensive care unit and its 
prevention with selective intestinal decolonization. 

12  Use of Colistin in Critically Ill Patients

https://doi.org/10.1016/j.ijantimicag.2013.02.010
https://doi.org/10.1016/j.ijantimicag.2013.02.010
https://doi.org/10.1016/j.ijantimicag.2013.02.006
https://doi.org/10.1016/j.ijantimicag.2013.02.006
https://doi.org/10.1007/s15010-014-0618-0
https://doi.org/10.1007/s15010-014-0618-0
https://doi.org/10.1016/j.clineuro.2016.12.006
https://doi.org/10.1016/j.clineuro.2016.12.006
https://doi.org/10.1016/S0140-6736(03)14409-1
https://doi.org/10.1016/S0140-6736(03)14409-1
https://doi.org/10.1086/663206
https://doi.org/10.1164/ajrccm.164.3.2005003
https://doi.org/10.1164/ajrccm.164.3.2005003
https://doi.org/10.1056/NEJMoa0800394


178

A multivariant evaluation of infection reduction. Eur 
J Epidemiol 10(5):573–580

	138.	Melsen WG, de Smet AM, Kluytmans JA, Bonten 
MJ (2012) Selective decontamination of the oral and 
digestive tract in surgical versus non-surgical patients 
in intensive care in a cluster-randomized trial. Br 
J  Surg 99(2):232–237. https://doi.org/10.1002/
bjs.7703

	139.	Nardi G, Valentinis U, Proietti A, De Monte A, Di 
Silvestre A, Muzzi R, Peressutti R, Troncon MG, 
Giordano F (1993) Epidemiological impact of pro-
longed systematic use of topical SDD on bacterial 
colonization of the tracheobronchial tree and anti-
biotic resistance. A three year study. Intensive Care 
Med 19(5):273–278

	140.	Misset B, Kitzis MD, Conscience G, Goldstein F, 
Fourrier A, Carlet J (1994) Mechanisms of failure to 
decontaminate the gut with polymixin E, gentamicin 
and amphotericin B in patients in intensive care. Eur 
J Clin Microbiol Infect Dis 13(2):165–170

	141.	Houben AJ, Oostdijk EA, van der Voort PH, Monen 
JC, Bonten MJ, van der Bij AK (2014) Selective 
decontamination of the oropharynx and the diges-
tive tract, and antimicrobial resistance: a 4 year 
ecological study in 38 intensive care units in the 
Netherlands. J  Antimicrob Chemother 69(3):797–
804. https://doi.org/10.1093/jac/dkt416 [pii]

	142.	Buelow E, Gonzalez TB, Versluis D, Oostdijk EA, 
Ogilvie LA, van Mourik MS, Oosterink E, van 
Passel MW, Smidt H, D’Andrea MM, de Been M, 
Jones BV, Willems RJ, Bonten MJ, van Schaik W 
(2014) Effects of selective digestive decontami-
nation (SDD) on the gut resistome. J  Antimicrob 
Chemother. dku092 [pii] https://doi.org/10.1093/jac/
dku092

	143.	Kaiser AM, Schultsz C, Kruithof GJ, Debets-
Ossenkopp Y, Vandenbroucke-Grauls C (2004) 
Carriage of resistant microorganisms in repatriates 
from foreign hospitals to The Netherlands. Clin 
Microbiol Infect 10(11):972–979. CLM1000 [pii] 
https://doi.org/10.1111/j.1469-0691.2004.01000.x

	144.	Bonten MJ, Waterer GW (2014) Antibiotics might 
do more than cause resistance. Am J Respir Crit Care 
Med 189(10):1157–1158. https://doi.org/10.1164/
rccm.201404-0672ED

	145.	Halaby T, Al Naiemi N, Kluytmans J, van der Palen 
J, Vandenbroucke-Grauls CM (2013) Emergence 
of colistin resistance in Enterobacteriaceae after 
the introduction of selective digestive tract decon-
tamination in an intensive care unit. Antimicrob 
Agents Chemother 57(7):3224–3229. https://doi.
org/10.1128/AAC.02634-12 [pii]

	146.	Heininger A, Meyer E, Schwab F, Marschal M, 
Unertl K, Krueger WA (2006) Effects of long-term 
routine use of selective digestive decontamina-
tion on antimicrobial resistance. Intensive Care 
Med 32(10):1569–1576. https://doi.org/10.1007/
s00134-006-0304-5

	147.	Oostdijk EA, Smits L, de Smet AM, Leverstein-van 
Hall MA, Kesecioglu J, Bonten MJ (2013) Colistin 

resistance in gram-negative bacteria during prophy-
lactic topical colistin use in intensive care units. 
Intensive Care Med 39(4):653–660. https://doi.
org/10.1007/s00134-012-2761-3

	148.	Giua R, Pedone C, Cortese L, Antonelli Incalzi R 
(2014) Colistin bladder instillation, an alternative 
way of treating multi-resistant Acinetobacter urinary 
tract infection: a case series and review of literature. 
Infection 42(1):199–202. https://doi.org/10.1007/
s15010-013-0507-y

	149.	Pearman JW, Bailey M, Harper WE (1988) 
Comparison of the efficacy of “Trisdine” and 
kanamycin-colistin bladder instillations in reduc-
ing bacteriuria during intermittent catheterisation 
of patients with acute spinal cord trauma. Br J Urol 
62(2):140–144

	150.	Waites KB, Canupp KC, Roper JF, Camp SM, Chen 
Y (2006) Evaluation of 3 methods of bladder irriga-
tion to treat bacteriuria in persons with neurogenic 
bladder. J Spinal Cord Med 29(3):217–226

	151.	Volkow-Fernandez P, Rodriguez CF, Cornejo-Juarez 
P (2012) Intravesical colistin irrigation to treat 
multidrug-resistant Acinetobacter baumannii uri-
nary tract infection: a case report. J Med Case Rep 
6(1):426. https://doi.org/10.1186/1752-1947-6-426 
[pii]

	152.	Maichuk YF (1991) Dexamethasone in the complex 
treatment of chlamydial conjunctivitis. Rev Int Trach 
Pathol Ocul Trop Subtrop Sante Publique 68:83–93

	153.	Matuska S, Rama P, Cavallero A, Paganoni G, 
Spinelli A, Brancato R (2006) Nocardia keratitis: a 
case report. Eur J Ophthalmol 16(1):164–167

	154.	Paksu MS, Paksu S, Karadag A, Sensoy G, Asilioglu 
N, Yildizdas D, Akyildiz BN, Kendirli T, Demirkol 
D, Akgun M, Alp E, Ciftci E, Guney AK, Murat N 
(2012) Old agent, new experience: colistin use in the 
paediatric intensive care unit--a multicentre study. 
Int J  Antimicrob Agents 40(2):140–144. https://
doi.org/10.1016/j.ijantimicag.2012.04.010 S0924-
8579(12)00180-X [pii]

	155.	Logan LK (2012) Carbapenem-resistant enterobac-
teriaceae: an emerging problem in children. Clin 
Infect Dis 55(6):852–859. https://doi.org/10.1093/
cid/cis543 [pii]

	156.	Falagas ME, Vouloumanou EK, Rafailidis PI (2009) 
Systemic colistin use in children without cystic 
fibrosis: a systematic review of the literature. Int 
J  Antimicrob Agents 33(6):503 e501–503 e513. 
https://doi.org/10.1016/j.ijantimicag.2008.10.021 
S0924-8579(08)00550-5 [pii]

	157.	Karbuz A, Ozdemir H, Yaman A, Kocabas BA, Odek 
C, Guriz H, Aysev AD, Ciftci E, Kendirli T, Ates 
C, Ince E (2014) The use of colistin in critically ill 
children in a pediatric intensive care unit. Pediatr 
Infect Dis J 33(1):e19–e24. https://doi.org/10.1097/
INF.0000000000000117 00006454-201401000-
00012 [pii]

	158.	Alan S, Yildiz D, Erdeve O, Cakir U, Kahvecioglu D, 
Okulu E, Ates C, Atasay B, Arsan S (2014) Efficacy 
and safety of intravenous colistin in preterm infants 

D. Marchaim et al.

https://doi.org/10.1002/bjs.7703
https://doi.org/10.1002/bjs.7703
https://doi.org/10.1093/jac/dkt416
https://doi.org/10.1093/jac/dku092
https://doi.org/10.1093/jac/dku092
https://doi.org/10.1111/j.1469-0691.2004.01000.x
https://doi.org/10.1164/rccm.201404-0672ED
https://doi.org/10.1164/rccm.201404-0672ED
https://doi.org/10.1128/AAC.02634-12
https://doi.org/10.1128/AAC.02634-12
https://doi.org/10.1007/s00134-006-0304-5
https://doi.org/10.1007/s00134-006-0304-5
https://doi.org/10.1007/s00134-012-2761-3
https://doi.org/10.1007/s00134-012-2761-3
https://doi.org/10.1007/s15010-013-0507-y
https://doi.org/10.1007/s15010-013-0507-y
https://doi.org/10.1186/1752-1947-6-426
https://doi.org/10.1016/j.ijantimicag.2012.04.010
https://doi.org/10.1016/j.ijantimicag.2012.04.010
https://doi.org/10.1093/cid/cis543
https://doi.org/10.1093/cid/cis543
https://doi.org/10.1016/j.ijantimicag.2008.10.021
https://doi.org/10.1097/INF.0000000000000117
https://doi.org/10.1097/INF.0000000000000117


179

with nosocomial sepsis caused by Acinetobacter 
baumannii. Am J  Perinatol 31(12):1079–1086. 
https://doi.org/10.1055/s-0034-1371361

	159.	Falagas ME, Sideri G, Korbila IP, Vouloumanou EK, 
Papadatos JH, Kafetzis DA (2010) Inhaled colistin 
for the treatment of tracheobronchitis and pneumo-
nia in critically ill children without cystic fibrosis. 
Pediatr Pulmonol 45(11):1135–1140. https://doi.
org/10.1002/ppul.21302

	160.	Celik IH, Oguz SS, Demirel G, Erdeve O, Dilmen U 
(2012) Outcome of ventilator-associated pneumonia 

due to multidrug-resistant Acinetobacter bauman-
nii and Pseudomonas aeruginosa treated with aero-
solized colistin in neonates: a retrospective chart 
review. Eur J  Pediatr 171(2):311–316. https://doi.
org/10.1007/s00431-011-1537-z

	161.	Falagas ME, Rafailidis PI (2007) When to include 
polymyxins in the empirical antibiotic regimen 
in critically ill patients with fever? A decision 
analysis approach. Shock 27(6):605–609. https://
doi.org/10.1097/01.shk.0000246899.73315.cb 
00024382-200706000-00003 [pii]

12  Use of Colistin in Critically Ill Patients

https://doi.org/10.1055/s-0034-1371361
https://doi.org/10.1002/ppul.21302
https://doi.org/10.1002/ppul.21302
https://doi.org/10.1007/s00431-011-1537-z
https://doi.org/10.1007/s00431-011-1537-z
https://doi.org/10.1097/01.shk.0000246899.73315.cb
https://doi.org/10.1097/01.shk.0000246899.73315.cb


181© Springer Nature Switzerland AG 2019 
J. Li et al. (eds.), Polymyxin Antibiotics: From Laboratory Bench to Bedside, Advances in  
Experimental Medicine and Biology 1145, https://doi.org/10.1007/978-3-030-16373-0_13

Clinical Use of Colistin in Biofilm-
Associated Infections

Jaime Lora-Tamayo, Oscar Murillo, 
and Javier Ariza

Abstract
Biofilm is an adaptive bacterial strategy 
whereby microorganisms become encased in 
a complex glycoproteic matrix. The low con-
centration of oxygen and nutrients in this 
environment leads to heterogeneous pheno-
typic changes in the bacteria, with antimicro-
bial tolerance being of paramount importance. 
As with other antibiotics, the activity of colis-
tin is impaired by biofilm-embedded bacteria. 
Therefore, the recommendation for adminis-
tering high doses in combination with a sec-
ond drug, indicated for planktonic infections, 
remains valid in this setting. Notably, colistin 
has activity against metabolically inactive 
biofilm-embedded cells located in the inner 
layers of the biofilm structure. This is oppo-
site and complementary to the activity of 
other antimicrobials that are able to kill meta-
bolically active cells in the outer layers of the 
biofilm. Several experimental models have 
shown a higher activity of colistin when used 
in combination with other agents, and have 
reported that this can avoid the emergence of 

colistin-resistant subpopulations. Most expe-
rience of colistin in biofilm-associated infec-
tions comes from patients with cystic fibrosis, 
where the use of nebulized colistin allows 
high concentrations to reach the site of the 
infection. However, limited clinical experi-
ence is available in other scenarios, such as 
osteoarticular infections or device-related 
central nervous system infections caused by 
multi-drug resistant microorganisms. In the 
latter scenario, the use of intraventricular or 
intrathecal colistin also permits high local 
concentrations and good clinical results. 
Overall, the efficacy of intravenous colistin 
seems to be poor, but its association with a 
second antimicrobial significantly increases 
the response rate. Given its activity against 
inner bioflm-embedded cells, its possible role 
in combination with other antibiotics, beyond 
last-line therapy situations, should be further 
explored.

Keywords
Polymyxin · Biofilm · Cystic fibrosis · 
Prosthetic joint infection · Implant-associated 
infection

The presence of bacterial biofilms in nature, 
industry, and pathological processes in the human 
body has attracted increasing interest in recent 
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years [1, 2]. The biofilm crucially conditions the 
bacterial susceptibility to disinfecting substances 
and antimicrobial molecules, including polymyx-
ins, and has led to a paradigm change in particu-
lar clinical scenarios [1, 3, 4]. In the current 
setting of increasing antimicrobial resistance [5], 
polymyxins are a last-line therapy, also for 
biofilm-associated infections. In this chapter, we 
review the most important features of the biofilm 
structure, and focus on the activity of polymyxins 
against biofilm-embedded bacteria. Furthermore, 
we will analyze the use of high doses and combi-
nation therapy in the management of biofilm-
associated infections, before outlining the 
different clinical applications of polymyxins in 
this scenario.

13.1	 �The Biofilm Paradigm, 
The Clinical Problem

The bacterial biofilm is a universal and sophisti-
cated adaptive mechanism of bacterial survival, 
defined as a structured bacterial population 
embedded in a self-produced glycoproteic three-
dimensional matrix. The formation of a biofilm 
starts with bacteria attaching to a surface [6], 
which is typically inert and belongs to a foreign 
body such as a pacemaker or prosthetic joint, but 
it may also be the surface of organic tissue such 
as occurs in the bronchial tree in cystic fibrosis or 
in sequestrated bone in chronic osteomyelitis [1, 
3].

The initial reversible adhesion to the surface 
is sensed by the bacteria, which induces the 
expression of several genes that allow a more 
sustained attachment and the excretion of a 
polymeric matrix composed of glycoproteins, 
polysaccharides, and ribonucleic acids [7, 8]. 
Consequently, cells become encased by a slime-
like substance within which the concentration of 
nutrients and oxygen dramatically reduces. In 
this particular environment, bacterial cells 
undergo phenotypic changes and significantly 
reduce their metabolism: in short, they consume 
less energy and decrease the rate of replication 
[1, 9].

Far from being a passive adaptive form, the 
biofilm structure is a complex and dynamic 
3-dimensional matrix. Maturation of the biofilm 
leads to inner channels being formed that allow 
media and nutrients to be circulated [6, 10]. 
When the biofilm achieves a critical size, the 
outer layers may then detach from the structure, 
which allows the cells encased within to be 
released and to recover their planktonic proper-
ties. Subsequently, the cells are able to attach to 
new surfaces and to restart the process. The 
detachment of the outer layers may occur due to 
the physical conditions under which the biofilm 
develops, or may be due to the excretion of diges-
tive enzymes that disrupt the extracellular matrix 
and release the bacteria [1, 6].

The production of these enzymes is just one 
example of the bacterial specialization and coor-
dination that occurs throughout the biofilm 
because of both the local concentration of nutri-
ents and the biochemical system of communica-
tion and signaling known as quorum sensing [6, 
9, 11]. Indeed, when the number of bacteria 
excreting a particular compound (signal) reaches 
a critical concentration threshold, new gene 
expression is triggered in distant cells, which 
leads to a heterogeneous phenotypic pattern of 
bacteria within the biofilm and to the presence of 
specialized subpopulations [7].

In the outer biofilm layers where the concen-
trations of oxygen and nutrients are higher, bacte-
ria are metabolically more active, whereas the rate 
of replication is much lower in the deeper layers 
[3]. Intracellular bacteria may also be found in the 
biofilm structure [12], as well as specialized sur-
viving forms such as small colony variants [13]. 
Indeed, the existence of bacteria at various meta-
bolic stages, with specific abilities and pheno-
types, is believed to increase the chances of 
survival when faced with a particular threat.

Importantly, biofilms are known to be tolerant 
to antimicrobials, and so can survive when 
exposed to biocidal substances or antibiotics at 
clinically achievable concentrations. The reasons 
for this are beyond the classical mechanisms of 
resistance and can be summarized as follows [1, 
3, 4, 14]:
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	 (i)	 Impaired diffusion of molecules in the bio-
film. While most antibiotics are able to dif-
fuse within the glycoproteic matrix, the 
transition of some may be impaired in the 
case of voluminous or polymeric molecules 
[1]. In addition, the presence of extracellular 
hydrolytic enzymes may inactivate the anti-
biotic before it reaches bacterial cells [4, 
15], or the antibiotic molecule may be held 
by physical forces, as in the case of posi-
tively charged aminoglycosides that are held 
in the negatively charged biofilm [3, 16].

	(ii)	 Biofilm-embedded bacteria become intrinsi-
cally less susceptible to most antibiotics. 
This is mainly due to the metabolic changes 
that bacteria undergo when exposed to low 
nutrient and oxygen concentrations. 
Antibiotics with activity that is highly 
dependent on the rate of bacterial growth, 
for example β-lactams, are particularly 
affected by the resulting low replication 
rates of adherent bacteria. This has also 
been observed in planktonic bacteria which, 
when exposed to high bacterial density and 
low nutrient concentrations, enter a phase of 
stationary growth that makes them tolerant 
to antimicrobials [3].

	(iii)	 Biofilm-embedded bacteria may express 
very different phenotypes according to the 
local environmental conditions and the quo-
rum sensing. Thus, they can differentiate to 
subpopulations that may be particularly 
resistant to external chemical or physical 
threats; these constitute the so-called per-
sisters [13, 17]. Also, some bacteria found 
in biofilm-associated infections are known 
to be intracellular [12]. These phagocytosis-
surviving microorganisms may become 
infection reservoirs because they are less 
exposed to antibiotics that are unable to 
either penetrate the eucaryotic cell or reach 
specific intracellular compartments [18].

	(iv)	 Finally, both the humoral and cellular 
immune responses have proved to be inef-
fective for clearing biofilm-associated infec-
tions, but instead contribute to the chronic 
inflammation and damage observed in the 
surrounding tissues.

Biofilm-embedded bacteria may also express 
antimicrobial resistance due to conventional 
mechanisms such as modification of the antibi-
otic target or cell permeability, the use of efflux-
pumps, or the expression of hydrolysing enzymes. 
Moreover, horizontal gene transmission is 
increased in biofilms, thus raising the likelihood 
of resistance developing [4, 19]. In addition, 
although the rate of cell replication is signifi-
cantly decreased for biofilm-embedded cells, 
some bacteria may increase their mutation fre-
quency, especially when it is not normally very 
high in the planktonic state [20, 21].

13.2	 �Activity of Colistin 
in Biofilms

Polymyxin activity on the biofilm of gram-
negative microorganisms has been demonstrated 
in several in vitro and in vivo models. Most stud-
ies have addressed the activity of colistin on bio-
films associated with Pseudomonas aeruginosa 
[8, 14, 22–29] because of its prominence in lung 
infections in patients with cystic fibrosis.

Colistin has a characteristic but different 
behavior against P. aeruginosa biofilms when 
compared with other antibiotics [8, 14], being 
dependent on the 3-dimensional structure of the 
biofilm [30]. As previously discussed, the bio-
film contains many different phenotypes of the 
same bacteria. Indeed, P. aeruginosa biofilms 
grown in vitro develop a characteristic 3-dimen-
sional structure that looks like a mushroom. 
Bacterial cells contained in the outer part of the 
structure (the cap of the mushroom) are larger, 
show mobility, and have more active metabo-
lism when compared with cells located in the 
deeper layers of the inner structure (the stalk of 
the mushroom) [7, 8]. Other families of antibi-
otics, such as the aminoglycosides or fluoroqui-
nolones, are able to kill bacteria located in the 
cap of the mushroom, but are inactive against 
the less metabolically active bacteria within the 
stalk [14]. In contrast, various studies have 
observed that colistin behaves in an opposite 
manner: it is able to kill the cells within the stalk 
of the mushroom structure, but has no activity 
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against the bacterial cells in the outer layers of 
the cap [7, 8, 14].

As in the case of planktonic bacteria, the 
mechanism of tolerance to colistin of these meta-
bolically active cells in the outer layers of biofilm 
is due to modifications in the membrane lipids of 
the bacterial cells. This depends on the synthesis 
of 4-amino-4-deoxyarabinoside (4A4D), which 
binds to the lipid A of the lipopolysaccharide of 
the membrane and reduces its negative charge. 
As a result, the affinity of the positively charged 
colistin is significantly decreased (Fig. 13.1) [8, 
26, 31]. Among other regulatory systems, the 
polymyxin resistance pmr operon induces the 
synthesis of 4A4D in response to various stimuli, 
including the presence of sub-inhibitory concen-
trations of colistin or low concentrations of mag-
nesium or calcium [8, 32]. Pamp et  al 
demonstrated that the activity of pmr was energy-

dependent, thus explaining the heterogeneous 
distribution of colistin tolerance within the bio-
film [14].

In addition, the regulatory system PhoPQ 
influences the synthesis of molecules that modify 
the electrical charge of the membrane [27, 31, 
32]. In P. aeruginosa, the activator BrlR induces 
the expression of several types of efflux pumps 
such as MexAB-OprM and MexEF-OprN [27]. 
Chambers and Sauer observed that BrlR down-
regulates the PhoPQ system in P. aeruginosa bio-
films and that higher susceptibility to colistin 
could compensate for the tolerance of those bio-
films to quinolone or aminoglycoside antibiotics 
[27].

Regarding the particular bactericidal activity 
shown by colistin against less metabolically 
active cells located in the stalk part of the mush-
room, it is important to note that colistin does not 

Fig. 13.1  Loss of activity of colistin (Col) in 
Pseudomonas aeruginosa caused by a modification in the 
net electrical charge of the bacterial outer membrane. This 
is an energy-dependent mechanism of resistance regulated 
by the operon pmr. Various stimuli, such as sub-inhibitory 

concentrations of colistin or low concentrations of magne-
sium and calcium, may lead to the synthesis of 4-amino-4-
deoxyarabinoside (4A4D), which binds to the lipid A of 
the lipopolysaccharide of the membrane (A), thus reduc-
ing its negative charge [7, 14, 27, 31]
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seem to be dependent on oxidative stress when 
targeting P. aeruginosa. While the cumulative 
production of hydroxyl radicals is a common 
mechanism of killing in metabolically active 
cells that are exposed to most antibiotic classes, 
irrespective of their cellular target (e.g., 
β-lactams, aminoglycosides, fluoroquinolones, 
and glycopeptides), this is not the case for cat-
ionic peptides such as colistin and other sub-
stances that modify the membrane permeability. 
This behaviour may explain the specific activity 
of colistin against these less metabolically active 
cells [25].

Several in vitro models have shown a decrease 
in the number of viable biofilm-embedded P. 
aeruginosa cells when exposed to colistin [8, 14, 
24, 28, 29]. However, most of these studies have 
used high concentrations of colistin (10–25 mg/L), 
which are too optimistic from a clinical perspec-
tive, especially in the setting of a biofilm-
associated infection. The classic microbiological 
concepts of minimal inhibitory and bactericidal 
concentrations (MIC and MBC, respectively) are 
helpful to predict the activity of antibiotics in 
planktonic infection, but may not be as useful for 
biofilm-associated infections [33]. Minimal bio-
film inhibitory and eradicative concentrations 
(MBIC and MBEC, respectively) more accu-
rately reflect the activity of antimicrobials when 
tested for biofilms [33]. As previously discussed, 
virtually all antimicrobials are less active against 
biofilm-embedded bacteria than against their 
planktonic counterparts [1, 9]. The degree of tol-
erance against a particular antimicrobial will 
depend on the specific microorganism and on the 
maturity and characteristics of the biofilm [2, 22, 
34].

To some degree, this is also the case for poly-
myxins against gram-negative bacilli. In an in 
vitro model of P. aeruginosa biofilm, Hengzhuang 
et al showed that colistin had an MBIC of 8 mg/L 
or 16  mg/L for young or old biofilms, respec-
tively; these required concentrations that were 
4–8 times higher than the MIC of 2 mg/L [22]. In 
this study, the MBEC of a young biofilm was 
128  mg/L, which was confirmed by an in vivo 

model of biofilm-associated lung-infection in 
mice [23]. It is unlikely that intravenous adminis-
tration of colistimethate sodium (CMS, colistin’s 
prodrug) could provide the required plasma 
colistin concentrations [35–37].

Therefore, the concerns that exist for achiev-
ing sufficiently high colistin concentrations for 
the treatment of planktonic infections may be 
extended to biofilm-associated infections. Of 
course, sub-inhibitory concentrations of colistin 
may be associated with inadequate therapeutic 
efficacy [36]. What is more, colistin heteroresis-
tance has been described for several strains of 
Acinetobacter spp. [38], Klebsiella spp. [39], and 
Pseudomonas aeruginosa [40]. Selection and 
amplification of resistant subpopulations after 
exposure to sub-inhibitory concentrations of 
colistin is a potential danger that must be consid-
ered. Indeed, a recent study using an in vitro PK/
PD dynamic model of P. aeruginosa biofilm 
found that colistin monotherapy at clinically rel-
evant concentrations initially had no bactericidal 
activity, which was followed by regrowth and the 
emergence of colistin-resistance [29].

Based on this PK/PD problem, and supported 
by experimental models, current recommenda-
tions suggest high doses of CMS be administered 
in combination with a second antimicrobial [37, 
41]. The rationale for this is based on the poten-
tial for subpopulation synergy: that is, each drug 
would target the subpopulation that the other 
drug is not able to kill. In addition, a mechanistic 
synergy has been proposed based on colistin’s 
mechanism of action [42, 43]. As a cationic pep-
tide, colistin targets the bacterial external mem-
brane and enhances its own uptake, together with 
that of other molecules, which may favor the pen-
etration of other antibiotics in the bacterial cell 
[41–43]. With this combination strategy, clini-
cally achievable lower doses of colistin become 
efficacious and heteroresistant colistin strains 
might not develop.

In the setting of biofilm infections by gram-
negative bacilli, the rationale for colistin in com-
bination with another antibiotic is even greater: 
as mentioned, colistin is active against the less 
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active bacteria located in the inner biofilm layers, 
in contrast with other antibiotics. Therefore, it 
may have a relevant, distinctive and complemen-
tary role in the treatment of biofilm infections 
caused by gram-negative bacilli. Indeed, the 
combination of colistin and a second antimicro-
bial, such as ciprofloxacin or tobramycin, has 
been shown to be more efficacious than the use of 
each antibiotic alone, presumably due to the syn-
ergistic activity against the whole bacterial popu-
lation of the biofilm [14, 24].

This may also imply that colistin could be use-
ful not only as a last-line therapy against biofilm-
associated multidrug-resistant bacterial infection 
but also in other settings with poor prognosis, 
such as prosthetic joint infection caused by 
fluoroquinolone-resistant gram-negative bacilli 
[44]. Indeed, in a recent study of foreign-body 
infection caused by extended-spectrum beta-
lactamase-producing E. coli in guinea pigs, a 
higher activity of colistin was demonstrated when 
combined with gentamycin, fosfomycin, or tige-
cycline [45].

In the previously mentioned in vitro dynamic 
biofilm model study [29], additivity, synergy, and 
avoidance of colistin-resistance was observed 
when colistin was combined with doripenem at 
clinically relevant concentrations. Interestingly, 
this was observed not only for carbapenem-
susceptible strains of P. aeruginosa but also for 
carbapenem-resistant strains (including two dif-
ferent mechanisms of resistance). Thus, it is sug-
gested that modifications in the bacterial 
membrane induced by colistin could overcome, 
at least partially, the mechanisms of resistance to 
doripenem.

In summary, the rationale for administering 
high-dose CMS in combination with a second 
drug remains valid in the setting of biofilm-
associated infections in which the overall activity 
of colistin is typically decreased, as occurs with 
other antimicrobials. Both in vitro and in vivo 
experimental models of biofilm infection support 
the administration of colistin in combination with 
other antimicrobials, as each agent targets differ-
ent sites within the biofilm structure. Finally, 
there is some evidence to suggest that the modifi-

cations in cell permeability caused by colistin 
may enhance the activity of the second drug 
against biofilm-embedded bacteria.

13.3	 �Clinical Experience 
of Colistin and Biofilm-
Associated Infections

Biofilm growth may occur in human infections 
with or without the presence of foreign bodies. In 
the former, such as intravascular catheter or pace-
maker infections, device removal should be per-
formed whenever possible to improve the cure 
rate [46]. However, special difficulties exist when 
seeking to cure those biofilm-related infections 
that involve non-debrided human tissues or 
retained medical devices, as can occur in cystic 
fibrosis and prosthetic joint infection.

The presence of multi-drug resistant (MDR) 
gram-negative bacilli in the context of a limited 
therapeutic repertoire of active antimicrobials 
only adds more complexity to the treatment of 
biofilm-related infections. Consequently, colistin 
has mainly been used in the last-line therapy of 
these difficult-to-treat infections; however, 
according to the potential benefits of colistin in 
the setting of bacterial biofilms noted in Sect. 2, 
this antibiotic might be a suitable alternative to 
conventional agents against infections caused by 
other susceptible gram-negative bacilli.

To date, limited clinical experience exists for 
the use of colistin in the treatment of biofilm-
related infections. Apart from aerosolized and 
intravenous administration, colistin has been 
administered locally, using the intraventricular 
route or in cement spacers for central nervous 
system (CNS) or prosthetic joint infections, 
respectively. However, neither the optimal dos-
age of colistin nor the comparative efficacy 
between colistin alone or in combination have 
been assessed in this setting. Thus, we review the 
clinical experience of the use of colistin for the 
treatment of severe biofilm-related infections in 
cystic fibrosis and non-cystic fibrosis bronchiec-
tasis, prosthetic joint infection, and CNS device-
related infections.
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13.3.1	 �Cystic Fibrosis and Non-cystic 
Fibrosis Bronchiectasis

13.3.1.1	 �Cystic Fibrosis
To date, the vast majority of experience with 
colistin in biofilm-associated scenarios has been 
accumulated in the context of cystic fibrosis. This 
congenital disorder produces mutations in the 
cystic fibrosis transmembrane conductance regu-
lator gene that cause the chloride channel to mal-
function. Consequently, the disease affects 
several human systems, including the lungs, the 
respiratory airways, the pancreas, and the small 
intestine, with clinical manifestations dependent 
on the system affected. In the lungs and respira-
tory tract, the malfunction produces decreased 
paraciliary fluid and clearance of microorgan-
isms, which leads to bronchial obstruction, super-
infection, inflammation, bronchiectasis, and a 
loss of respiratory function [47–50].

The life expectancy of patients with cystic 
fibrosis has improved significantly over recent 
years, probably because of more aggressive anti-
microbial therapy, both in the treatment of infec-
tions and as maintenance therapy [48, 51]. 
Chronic P. aeruginosa lung infection is the main 
cause of morbidity and mortality in cystic fibro-
sis; indeed, 30% of infants aged 2–5 years and 
80% of adults are colonized [52]. Several adap-
tive mechanisms of P. aeruginosa have been 
related to its ability to survive for long periods in 
the lungs of patients with cystic fibrosis. Probably 
the most relevant mechanism is the mucoid-
biofilm mode of growth, which allows P. aerugi-
nosa to tolerate the immune system, antibiotic 
therapy, and an anaerobic environment [47].

Colistin is widely used for the treatment of 
infections by P. aeruginosa in patients with cystic 
fibrosis, both as first line therapy and as a salvage 
treatment against MDR strains [53, 54]. To date, 
much of the clinical experience refers to the use 
of nebulized colistin in intermittently colonized 
or chronically infected patients [53, 54], with 
minimal information regarding its intravenous 
use [55, 56]. However, in vitro and experimental 
studies suggest that both the upper and the lower 
respiratory airways are infected by P. aeruginosa, 

thus supporting combination therapy with inhaled 
and intravenous antibiotics, especially in acute 
exacerbations [47].

The administration of nebulized colistin 
allows low serum levels and high lung concentra-
tions to be achieved (at least 10 times greater than 
the MIC value), thus leading to higher efficacy 
and less drug-related toxicity [57–59]. 
Furthermore, the conversion of CMS to colistin is 
higher with nebulized than intravenous adminis-
tration, probably because there is no renal clear-
ance of CMS in the bronchi, which allows a 
higher proportion of the prodrug to be hydrolysed 
to colistin [59]. Thus, compared with intravenous 
administration, it has been reported that nebu-
lized administration may lead to higher bronchial 
colistin levels than the MBIC of colistin reported 
with P. aeruginosa biofilm [22, 23]. Currently, a 
dose of two million IU of CMS every 8–12 h is 
recommended; although some bronchoconstric-
tion may occur, this dose is usually well tolerated 
[54, 60]. Recently, significant efforts have been 
made to improve the aerosolized delivery to 
achieve superior drug distribution along the air-
ways and to increase medication compliance, as 
reviewed by Heijerman et  al [54]. Thanks to 
modern portable devices, inhalation of colistin as 
a dry powder is possible over just 2–3 min [61].

In previous studies, the efficacy of aerosolized 
colistin in combination with oral ciprofloxacin 
was evaluated and was found to postpone P. aeru-
ginosa infection significantly and to maintain 
pulmonary function [62, 63]. In addition, other 
studies have revealed similar efficacy between 
nebulized colistin and tobramycin, especially in 
decreasing the P. aeruginosa sputum density [64, 
65]. Of interest, it seems that the emergence of 
drug-resistant P. aeruginosa strains when using 
aerosolized colistin is less common than occurs 
when using intravenous colistin for other infec-
tions. This is probably related to the higher drug 
levels achieved with the aerosol route. 
Furthermore, the emergence of resistance is also 
less common when colistin is compared with 
other nebulized drugs [51, 66].

Regarding the intravenous administration of 
colistin [55, 56, 66], its safety profile and optimal 
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dosage remain unclear [67]. Previous studies 
have evaluated the efficacy of colistin, mainly in 
combination therapy, in the treatment of acute 
pulmonary exacerbations of cystic fibrosis; in 
one study, a greater improvement in pulmonary 
function was reported [56]. Overall, results that 
are more consistent are needed to evaluate the 
current role of intravenous colistin for the treat-
ment of pulmonary infections due to gram-
negative bacilli in patients with cystic fibrosis. 
Moreover, the emergence of MDR gram-negative 
bacilli poses a greater challenge for clinicians, 
and there is a need to improve our knowledge of 
the efficacy of colistin in this setting.

13.3.1.2	 �Non-cystic Fibrosis 
Bronchiectasis

In comparison with the clinical experience in 
managing patients with cystic fibrosis, there is 
much less knowledge of the use of colistin for the 
treatment of infections in patients with non-cystic 
fibrosis bronchiectasis. Where research is pres-
ent, this is limited to the use of inhaled colistin in 
a limited number of studies. A detailed review of 
these results is beyond the scope of the present 
chapter, and we direct readers to a recently pub-
lished systematic review for further detail [68]. In 
summary, inhaled colistin has some proven ben-
efits, such as a greater reduction in sputum P. 
aeruginosa load [69]; however, further studies 
are needed to demonstrate its benefit in the long-
term eradication of P. aeruginosa or in ameliorat-
ing the number of acute pulmonary 
exacerbations.

13.3.2	 �Prosthetic Joint and Other 
Osteoarticular Device-Related 
Infections

Orthopedic devices (joint prostheses or osteosyn-
thesis hardware) are widely used in current clini-
cal practice to improve the quality of life of 
patients [70]. However, infection of the devices 
raises serious concerns, not least because the 
resulting biofilm-related infections are difficult to 
treat [46]. The treatment of orthopedic device-
related infections must include appropriate and 

prolonged antibiotic therapy, usually adminis-
tered at high doses and combined with adequate 
surgical intervention [70–72].

Depending on the specific type of prosthetic 
joint infection, management may include 
debridement and implant retention, replacement 
with a new prosthesis, or definitive removal of 
the joint prosthesis [70–72]. However, maintain-
ing the prosthesis poses a major challenge when 
trying to cure the infection. Concerning infec-
tions of osteosynthesis hardware, it seems that 
internal fixation also shares similarities with 
prosthetic joint infection. In general, fixation-
device related infections are more frequently 
managed by device removal when compared with 
prosthetic joint infection.

In this difficult clinical scenario, the most 
appropriate antibiotic therapy for infections 
caused by MDR gram-negative bacilli remains a 
matter of great concern. Again, colistin has been 
used as a last-line therapy, but its efficacy and the 
potential benefits of combination therapy with 
other drugs have yet to be properly evaluated.

Older reports found that the diffusion of colis-
tin into bone was poor [73]; therefore, it was 
exclusively administered in  local beads and 
cement spacers in the past [74, 75]. This use has 
progressively been abandoned because there is 
insufficient knowledge regarding the most appro-
priate concentration and elution of colistin 
needed for such cements [76]. While some 
authorities have discouraged the use of cement 
spacers in the presence of MDR microorganisms 
[71], our opinion and that of others argue that the 
use of colistin-loaded cement spacers might be 
useful for the treatment of some cases of pros-
thetic joint infection by MDR gram-negative 
bacilli [77]. Further studies should explore the 
potential benefits of administering colistin locally 
for the treatment of device-related infections.

Clinical experience with intravenous CMS in 
this field is limited and mainly based on its effi-
cacy as a last-line therapy in difficult-to-treat 
bone and joint infections caused by MDR gram-
negative bacilli [77–80]. Neither the optimal dos-
age nor the optimal pharmacodynamic parameters 
of colistin are known for treating these 
infections.
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A recent study was conducted by Valour et al 
with 19 patients suffering from bone and joint 
infections caused by MDR and extensively-drug 
resistant (XDR) gram-negative bacilli [78]. In 
that study, 12 cases were associated with an 
orthopedic device, and colistin alone was used as 
salvage therapy in 90% of cases. The authors 
reported clinical remission in 74% of cases 
(median follow-up, 28 weeks); however, the out-
come of orthopedic-device related infections was 
clearly worse, leading to a treatment failure of 
42%.

Over the last 10 years, we have accumulated 
data on 22 cases of osteoarticular infection 
caused by XDR P. aeruginosa (Ribera et al, com-
munication in the ICAAC, Washington D.C., 
2014). In 15 cases (68%), an orthopedic device 
was involved (8 prosthetic joints). While the 
combination of colistin and a β-lactam achieved a 
cure rate of 80%, colistin monotherapy (57% 
cases) led to poorer results (cure rate, 29%). Of 
interest, when faced with device-related infec-
tions, the combination of colistin with a β-lactam 
was better when the latter was administered as a 
continuous infusion (cure rate, 83%) as com-
pared with intermittent boluses (cure rate, 67%).

Overall, colistin seems to offer clinical effi-
cacy against orthopedic device-related infection 
by MDR or XDR gram-negative bacilli, espe-
cially when used in combination with other anti-
microbials. In the case of P. aeruginosa with full 
resistance or intermediate susceptibility to 
β-lactams, the administration of colistin in com-
bination with a β-lactam can improve the out-
comes of these infections. Further studies are 
needed to confirm these results and to explore 
alternative therapeutic combinations with colistin 
(i.e., fosfomycin, tigecycline).

Finally, the preclinical and clinical studies that 
highlight the potential activity of colistin against 
biofilm-associated infection suggest that the effi-
cacy of colistin needs to be evaluated as a first 
line therapy in a wider range of orthopedic 
device-related infections. These include those 
caused by not only MDR and XDR microorgan-
isms but also less resistant gram-negative bacilli. 
The poor outcomes associated with prosthetic 
joint infection by ciprofloxacin-resistant gram-

negative bacilli, which is usually treated with 
β-lactam monotherapy, has been reported [44]. 
Moreover, the best therapy for the treatment of 
infections caused by extended-spectrum beta-
lactamase or carbapenemase producing 
Enterobacteriaceae needs to be defined.

13.3.3	 �Central Nervous System 
Device-Related Infections

Colistin may be the only therapeutic option for 
CNS infections caused by MDR gram-negative 
bacilli such as A. baumannii, MDR P. aerugi-
nosa, or carbapenemase-producing Klebsiella 
pneumoniae. These typically occur in a nosoco-
mial setting in patients with brain damage, as 
well as those with external ventricular drainage 
(EVD) or ventriculo-peritoneal shunt (VPS) 
devices [81]. Patients are usually critically ill, 
with the infection representing a life-threatening 
complication that requires optimal antimicrobial 
therapy. Although the foreign body should be 
removed to cure the infection [46, 82], the patient 
frequently needs a replacement CSF diversion to 
be placed at the same time as the infected mate-
rial is removed. Therefore, the sterility of the 
CSF during this procedure is of paramount 
importance.

In addition to the presence of a foreign-body 
and bacterial biofilm, the blood-brain barrier 
(BBB) may significantly impair the diffusion of 
colistin; thus, excessively low concentrations 
may occur at the site of infection when the drug 
is administered intravenously. Experimental and 
clinical data suggest that only 5% of plasma 
colistin is able to diffuse into the CNS [83–86]. 
Diffusion through the BBB does not seem to be 
affected by efflux pumping by P-glycoproteins, 
but depends on the permeability of the endothe-
lial tight junctions, which may be increased by 
inflammatory cytokines [84]. Indeed, the per-
centage of colistin able to reach the cerebrospi-
nal fluid (CSF) is higher during meningeal 
inflammation; however, the absolute concentra-
tion is usually less than 0.5 mg/L, which is less 
than that required for most gram-negative bacilli 
[86, 87].
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To achieve higher concentrations of colistin at 
the infection site, clinicians directly administer 
CMS into the ventricular or meningeal space 
[81]. CMS has been observed to convert to colis-
tin in CSF [88] and the available data suggests 
that repeated doses of intraventricular CMS do 
not lead to accumulation [84, 85]. In addition to 
its bactericidal activity, the characteristic anti-
endotoxin effect of polymyxins could have a 
potential favorable effect when treating meningi-
tis. Indeed, the affinity of colistin for the lipo-
polysaccharide molecule may critically reduce 
the inflammatory response in the meningeal 
space [81]. The administration of CMS may be 
via externalized VPS or EVD ports under 
extremely sterile conditions: first, 5 mL of CSF 
must be gently removed to prevent an increase of 
intracranial pressure; then, the CMS dose is 
diluted in 3 mL of saline and administered as a 
bolus over 1–2  min followed by a 2-mL saline 
flush. Provided the intracranial pressure does not 
raise too much, the drainage must be closed for at 
least 60  min to avoid excessive clearance of 
CMS/colistin [88]. Alternatively, in patients 
without a VPS or EVD, an Ommaya device or a 
lumbar drainage may be implanted, although 
intraventricular administration seems to provide 
superior diffusion in the CNS than the intrathecal 
route [81].

Depending on the case, CNS device-related 
infection may involve the ventricles or the menin-
ges differently. Here, the concomitant adminis-
tration of intravenous antibiotics with locally 
administered colistin is desirable, especially 
when meningitis is present. When MDR gram-
negative bacilli are responsible for such infec-
tions, intravenous colistin has also been used in 
some cases [89–92]. While awaiting further stud-
ies with greater consistency, some research has 
found that higher concentrations of colistin are 
achieved by combined intravenous-
intraventricular administration [86], and others 
have reported the success of this combined 
approach [90–93]. Given these factors, we con-
sider that the concomitant administration of 
colistin via the intraventricular route, together 
with a second intravenous antimicrobial agent, is 
appropriate for the treatment of severe CNS 

device-related infection caused by MDR gram-
negative bacilli.

Overall, clinical experience with colistin in 
this setting is mainly based on case reports or 
small case series, with wide variability in dosing, 
administration routes (intraventricular versus 
intrathecal), concomitant intravenous antimicro-
bials, and the presence or absence of foreign 
devices. Of note, the greatest experience involves 
infections caused by A. baumannii and, to a lesser 
degree, P. aeruginosa; little information exists 
regarding other MDR gram-negative bacilli such 
as the carbapenemase-producing 
Enterobacteriaceae. Each of these microorgan-
isms may present with different virulence, but it 
is beyond the scope of this chapter to discuss this 
in detail. However, regardless of their MDR sta-
tus, infections by bacteria such as P. aeruginosa 
and K. pneumoniae typically cause clinical pre-
sentations that are more aggressive, are difficult 
to treat, and have worse prognoses.

To date, the dose of intrathecal or intraven-
tricular CMS has not been standardized, with 
doses ranging from 20,000  IU twice daily to 
500,000 IU once daily [89, 94–96]. Imberti et al 
studied the pharmacokinetics of colistin in CSF 
after various doses of intrathecal CMS in 9 
patients [88]. Doses of 60,000  IU/d gave Cmax 
values of 7–22.1  mg/L and Ctrough values 
≥2 mg/L. The authors concluded that a dose of 
125,000 IU/d, as recommended in the Infectious 
Diseases Society of America guidelines, was 
probably appropriate based on the notable inter-
patient variability observed [82, 88]. In a recent 
review of more than 100 cases of CNS infection 
by MDR gram-negative bacilli, Bargiacchi et al 
found no differences in the clinical and microbio-
logical cure rates among patients receiving either 
≥125,000 IU/d or < 125,000 IU/d [95].

Clinical and microbiological cure with the use 
of intrathecal or intraventricular colistin is 
reported to be high [89, 94–96]. Karaiskos et al 
recently performed a literature review of 83 epi-
sodes of CNS infection by MDR A. baumannii 
treated with locally administered CMS (either in 
monotherapy or with other systemic antimicrobi-
als). A foreign body was present in 63% of cases, 
and the cure rate was 89%. Toxicity was observed 
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in 11%, which was mainly due to reversible 
chemical ventriculitis or meningitis, although 
there were some cases that involved seizures too 
[94].

The duration of intrathecal or intraventricular 
treatment is also highly variable, ranging from 2 
to 56 days [94–96]. In the report by Karaiskos, 
the median time needed to sterilize the CSF was 
4 days [94], while Bargiacchi reported that treat-
ments shorter than 7 days in their review had a 
significantly higher failure rate than longer treat-
ments [95].

In summary, in patients with CNS infection by 
MDR-gram-negative bacilli, intrathecal or intra-
ventricular administration of CMS is recom-
mended at doses of 125,000 IU per day over at 
least 7  days. While the eventual foreign body 
(e.g., the EVD or VPS) will probably need to be 
removed, locally administered colistin appears to 
be helpful in sterilizing the CSF before implant-
ing new foreign material. Supported by the cur-
rent knowledge suggesting colistin 
heteroresistance and the potential for synergistic 
interactions, it is also recommended to adminis-
ter colistin in combination with an intravenous 
antimicrobial.

13.4	 �Conclusions

Antimicrobial therapy must be optimized in the 
case of difficult-to-treat biofilm-associated infec-
tions. In many cases, colistin represents an effec-
tive last-line therapeutic option because of the 
increasing incidence of MDR microorganisms. 
Given that the targets of colistin in the biofilm are 
different and complementary to those of other 
antimicrobials, it continues to be recommended 
that high doses of colistin are appropriate in com-
bination with a second antimicrobial in this set-
ting. The local administration of colistin at the 
infection site, either nebulized for cystic fibrosis 
or intraventricular for CNS infections, increases 
local antibiotic concentrations and improves clin-
ical results. Intravenous administration of colistin 
seems to be less effective although use in combi-
nation with a second antimicrobial significantly 
increases the response rate. The possible role of 

colistin in combination with other antibiotics, 
beyond last-line therapy, should be further 
explored.
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Clinical Use of Polymyxin B

Maria Helena Rigatto, Diego R. Falci, 
and Alexandre P. Zavascki

Abstract
Polymyxin B is another clinically available 
polymyxin that has  re-emerged in clinical 
practice to treat infections caused by multi-
drug (MDR) or extensively-drug-resistant 
(XDR) Gram-negative bacteria (GNB). Its 
chemical structure is very similar to the struc-
ture of polymyxin E (colistin). However, since 
the latter is administered as a prodrug, there 
are major pharmacokinetic differences 
between both polymyxins that may potentially 
determine different clinical and microbiologi-
cal outcomes. Studies addressing clinical or 
microbiological outcomes in patients treated 

with polymyxin B for MDR or XDR GNB are 
reviewed in this chapter.

Keywords
Polymyxin B · Clinical outcome · Dosing · 
Mortality

14.1	 �Introduction

Similar to polymyxin E (colistin), polymyxin B 
is another clinically available polymyxin that re-
emerged in clinical practice to treat infections 
caused by multi-drug (MDR) or extensively-
drug-resistant (XDR) Gram-negative bacteria 
(GNB) [1–4]. Its chemical structure is very simi-
lar to the structure of polymyxin E (colistin) as 
discussed in Chap. 3. However, since the latter is 
administered as a pro-drug, there are major phar-
macokinetic differences between polymyxins 
(see Chap. 15) that may potentially determine 
different clinical and microbiological outcomes, 
although it has not been clearly demonstrated so 
far by well-designed prospective studies.

In contrast to colistin, commercially available 
as colistin methanesulphonate (CMS), which has 
a worldwide distribution for clinical utilization, 
polymyxin B use is much more restricted, being 
only available in a few countries [5, 6]. Polymyxin 
B is most commonly used in Brazil, Malaysia, 
Singapore, New  York State in USA and some 
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regions in India [5–7]. It should be noted that 
there are many countries where there is no infor-
mation regarding which polymyxin, if there is 
one, is commercially available for clinical use. 
Thus, it is possible that polymyxin B is available 
in other countries.

As a consequence of its more restricted utili-
zation, there are fewer studies assessing poly-
myxin B against GNB, particularly XDR 
GNB.  Many of clinical findings have been 
extrapolated from CMS/colistin studies consider-
ing that both have the same mechanism of action. 
Although it may be suitable for in vitro or even 
experimental studies which evaluate colistin and 
polymyxin B, the direct extrapolation of all clini-
cal data may be done with some caution, consid-
ering that, as stated above, there are major PK 
differences between the two commercially avail-
able polymyxins, and clinical studies actually 
present results of the administration of CMS to 
the patients, not of colistin [5, 8, 9]. The complex 
and inter-related PK of CMS and colistin may 
have some impact in determining distinct clinical 
outcomes from patients treated with polymyxin 
B, including toxicity.

The most relevant clinical use of polymyxin B 
is for the treatment of infections caused by XDR 
GNB through its intravenous (IV) administration 
[2–4], and this chapter will mainly focus on this 
use. The chapter is divided by major sites of 
infections where these bacteria are often involved 
as etiological agents.

Polymyxin B can also be administered by 
intramuscular (IM), intraventricular or intrathe-
cal routes for the treatment of systemic infections 
and ventriculitis/meningitis, respectively. The 
intramuscular (IM) route is rarely used nowa-
days. It was used when polymyxin B was one of 
the few antimicrobial agents against GNB infec-
tions. IM injection causes local pain and it is no 
longer appropriate for the current indications of 
polymyxins B, i.e. severe systemic infections 
caused by XDR GNB. Additionally, such infec-
tions may require high polymyxin B doses that 
may be inappropriate for IM injection. On the 
other hand, intrathecal administration is still used 
as an adjuvant therapy for central nervous system 
infections, particularly, meningitis, although 

there is much more experience and many more 
publications with CMS administered through this 
route [10]. Nonetheless, intraventricular and 
intrathecal administration of polymyxin B will be 
reviewed in this chapter.

Another important use of polymyxins B is 
through aerosolized form for the treatment of 
respiratory tract infections by XDR GNB, usu-
ally as an adjuvant to systemic therapy [11], and 
this route will be reviewed here. The use of aero-
solized polymyxins in special populations such 
as cystic fibrosis patients will be reviewed in 
Chap. 13.

Finally, topical polymyxin B has been largely 
used as otologic and ophthalmic solutions, and 
these uses will be just briefly reviewed here, since 
it is not specific for difficult to treat infections 
such as those caused by XDR GNB.  Another 
topical use of polymyxins has been for selective 
digestive tract decontamination and this will also 
be briefly presented in this Chapter. Polymyxin B 
has also been used as an anti-endotoxin drug and 
this will be reviewed in Chap. 19.

14.2	 �Evaluation of Polymyxin B 
Use for the Treatment 
of Gram-Negative Bacteria

Beyond the fact that there are fewer studies 
addressing IV polymyxin B in the treatment of 
systemic infections by XDR GNB, many other 
factors impose some difficulties for an appropri-
ate systematic evaluation of clinical use of this 
polymyxin. There is a great heterogeneity of 
study designs that precludes a direct comparison 
among studies. Most of the studies involved 
patients with many kinds of infections, and a few 
are restricted to one infection site, for example, 
pneumonia or bloodstream infections [12–15]. 
Dosage regimes are not always described, nor is 
the time between the onset of infection and the 
beginning of therapy, making difficult a correct 
evaluation of the efficacy of this drug, since ade-
quate dosage and early initiation of therapy are 
both critical for favorable outcomes in severe 
infections. It is also important to note that in 
some studies the dose is described in international 
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units (IU), while in others it is described in mg. 
As discussed in Chap. 3, 1  mg is equivalent to 
approximately 10,000 IU of polymyxins B.

Another problem is the fact that in many 
reports there is no distinction between each poly-
myxin used because polymyxins were evaluated 
as a class [16–18]. The use of combination ther-
apy with distinct antibiotics in many studies also 
hampers comparison between them. Finally, the 
heterogeneity of patients studied, although most 
were critically ill patients, impairs a clear com-
parison among studies.

In the next sections, we will summarize the 
major findings of the published studies address-
ing polymyxin B in the most frequent sites of 
infections, with particular emphasis on pneumo-
nia, urinary tract and bloodstream infections. 
Authors’ comments on specific syndromes are 
presented at the end of each section.

14.2.1	 �Pneumonia and Other 
Respiratory Tract Infections

One of the most common indications for poly-
myxin B is for the treatment of hospital-acquired 
pneumonia, especially ventilator-associated 
pneumonia [19, 20]. The main reason is that 
pneumonia is the leading infection among hospi-
talized patients, which in turn is most frequently 
caused by Gram-negative bacteria, notably P. 
aeruginosa, A. baumannii and species of 
Enterobacteriaceae [19]. Most of the reported 
experience with pneumonia relates to infections 
caused by the first two pathogens, which are fre-
quently the most common etiologic agents of 
pneumonia. Moreover, carbapenem-resistant 
infections were initially almost exclusive of P. 
aeruginosa infections by a combination of mul-
tiple resistance mechanisms [21]. The emergence 
of major acquired carbapenemases in a world-
wide scale first occurred in both P. aeruginosa 
and A. baumannii, and it also explains why most 
experience is with these organisms. Finally, 
multi-drug and extensively-drug resistance ini-
tially emerged most frequently in  the intensive 
care unit (ICU) setting where antimicrobial use is 
common and most severely ill patients are found; 

thus, ventilator-associated pneumonia (VAP) 
caused by MDR or XDR P. aeruginosa or A. bau-
mannii are among the most common reported 
infections for which polymyxin B has been 
prescribed.

The first experience with polymyxin B for the 
treatment of MDR pneumonia was published in 
2003 by Ouderkirk et al. [22]. It was a retrospec-
tive study carried out in a tertiary-care hospital 
from Manhattan with patients who received poly-
myxin B from October 1999 to September 2000. 
It included 60 patients of whom 39 (65%) had 
lung infections [22]. Most infections (77%) were 
caused by A. baumannii although it was not strat-
ified by site of infection. The results of this first 
report were not disappointing since the overall 
mortality (not specified by site of infection) was 
20% and the incidence of renal failure was only 
14%, although it was probably underestimated by 
the definition utilized in this study, which was a 
doubling of serum creatinine to a value of 
≥2.0 mg/dL [22].

In 2004, Sobieszczyk et al. reported the first 
study evaluating the use of polymyxin B only in 
respiratory tract infections [15]. This was also a 
retrospective study conducted at a tertiary-care 
hospital from Manhattan, including 25 patients 
from January 2000 to June 2003 [15]. There were 
a total of 29 episodes of which in six only aero-
solized polymyxin B was administered. Most 
infections were caused by A. baumannii (55%) 
and P. aeruginosa (41%) and all patients received 
another antimicrobial against GNB, mostly 
(65%) either imipenem or meropenem. End-of-
treatment mortality based on each course of poly-
myxin B was 21%, including episodes with 
aerosolized use of the drug, while overall dis-
charge mortality was 48% [15]. Nephrotoxicity, 
defined as the doubling of serum creatinine dur-
ing therapy, was also low at 10%.

Following this report, a Brazilian study, per-
formed at a university-affiliated hospital in São 
Paulo, evaluated 74 patients with P. aeruginosa 
pneumonia treated with polymyxin B from 
January 1997 to 31 December 2004 [12]. Overall 
in-hospital mortality rate was 74.3%. Of all 
patients, 35 (47.3%) had a favorable clinical 
response, which was defined as an improvement 
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of signs and symptoms at the end of the therapy. 
These patients were compared to patients with 
unfavorable response. The factors related to unfa-
vorable response in the multivariate analysis 
were a higher APACHE II score, septic shock, 
acute respiratory distress syndrome and use of 
sedatives [12].

Another study conducted in Brazil compared 
polymyxins with ampicillin-sulbactam for the 
treatment of A. baumannii infections [17]. This 
study included 28 patients with pneumonia 
treated with polymyxins. Unfortunately, both 
polymyxins were evaluated and the number of 
patients treated with each of them was not 
described, nor were the outcomes stratified by 
site of infection.

Other studies assessed the use of polymyxin B 
in patients with infections at many sites, of which 
pneumonia was the most common site, ranging 
from 16.3 up to 75.7% [23–28]. The overall mor-
tality rates found in these studies ranged from 
28% to 61% [23–28]; however, the specific out-
comes of patients with pneumonia were not 
shown in any of them.

Only two other studies, both prospective, have 
specifically addressed the use of polymyxin B in 
patients with VAP or ventilator-associated tra-
cheobronchitis (VAT) [29, 14]. The first evalu-
ated the use of polymyxin B monotherapy in 29 
patients presenting VAP caused by carbapenem-
resistant P. aeruginosa in a teaching hospital 
from São Paulo, Brazil, during the period of 
January 2004 to December 2006 [29]. Overall in-
hospital mortality was 72.4% (21/29) and 
infection-related mortality (within 14 days of the 
diagnosis) was 51.7% (15/29) [29]. Dosages of 
polymyxin B were not described.

The largest study specifically assessing the 
efficacy of polymyxin B in patients with VAP or 
VAT by P. aeruginosa or A. baumannii was con-
ducted in a Brazilian tertiary-care teaching hospi-
tal including patients from February 2009 to 
December 2010 [14]. This prospective cohort 
study evaluated the 30-day mortality of 67 epi-
sodes of VAP or VAT in which 45 of them the 
treatment was IV polymyxin B. The crude 30-day 
mortality was 53%, which was higher than the 
mortality of patients treated with other antimicro-

bials (27%; 6 of 22 patients). After adjusting for 
some covariates a ≥100% increase in baseline 
serum  creatinine value, length of hospital stay 
and APACHE II score in a Cox-regression model, 
the use of polymyxin B in the treatment of VAP 
or VAT was associated with increased mortality 
rate (adjusted Hazard Ratio of 3.9, 95% 
Confidence Interval, 1.41–10.76, P = 0.009) [14]. 
This was the first study suggesting that poly-
myxin B might be inferior to other antibiotics in 
the treatment of VAP and VAT [14]. The median 
(interquartile range) total daily dose of poly-
myxin B was 150  mg (150–200  mg; 
1 mg = 10,000 IU), administered in divided doses 
every 12 h. This was possibly the first study in 
which dosages were not adjusted for renal dys-
function, as current recommendation following 
more recent pharmacokinetic studies [30, 31]. 
Although the 30-day mortality was high and 
higher than the comparator group, the length of 
mechanical ventilation after treatment initiation 
and the rates of superinfection were very similar 
between groups [14]. However, one of the most 
remarkable findings of this study was the very 
low bacterial eradication from tracheal aspirates, 
both in patients treated with polymyxin B and 
comparators (see Table 14.1) [14].

14.2.1.1	 �Bacterial Clearance
Bacterial clearance from respiratory tract has nei-
ther been assessed in all studies nor exclusively 
in patients with pneumonia. Nonetheless, it is 
possible to conclude that bacterial eradication 
from respiratory tract secretions is low, particu-
larly, for P. aeruginosa isolates [14]. However, in 
the most recent prospective study, eradication 
rates were not different between patients treated 
with polymyxin B and  comparators, suggesting 
that many factors associated with  the pathogen 
and the host may be more important than the drug 
administered [14].

Despite this, there is still no conclusive study 
indicating that eradication of the pathogen is 
associated with improved outcomes in patients 
treated with polymyxin B. Nevertheless, it might 
be expected that it may influence recurrence rates 
and it may be important for infection control 
practices.
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14.2.1.2	 �Inhalatory Therapy
The use of aerosolized polymyxin B has been 
advocated to be useful in the treatment of respi-
ratory tract infections either alone or, more 
commonly, as an adjuvant therapy to parenteral 
therapy [11]. There have been some concerns 
regarding the penetration of IV polymyxins into 
epithelial lining fluid (ELF) that relied mostly 
on empirical observation than on solid pharma-

cokinetic studies. Indeed, there is no study 
assessing the concentration of polymyxin B in 
ELF in humans. There are animal studies indi-
cating that high and sustained concentrations of 
colistin may be achieved in ELF after IV admin-
istration of CMS owing to the slow conversion 
of CMS to colistin in the lungs [32], although 
the inhalatory administration has been shown to 
provide increased drug concentrations in the air-

Table 14.1  Studies assessing bacterial eradication in patients treated with polymyxin B

Reference

Year N Polymyxin B dose Combination therapy Bacteria

Microbiological 
clearance

Recommended
Actually receiveda

[22] 1999–
2000

60 
patients:

96% of patients 
received 1.5–
2.5 mg/kg/day

Ampicillin-
sulbactam 52%, 
Imipenem 52%, 
Aminoglycosides 
47%, Cephalosporins 
30%, 
Fluoroquinolones 25, 
Other extended-
spectrum 
penicillins15%

Not specific 
from 
respiratory 
material

Evaluated in 41 of 
50 with 
multiresistant 
Acinetobacter or 
Pseudomonas 
bacteria:

50 with 
bacterial 
recovery

39 (65%) 
with lung 
infection

Mean daily dose 
1,100,000 IU (range 
120,000–2,250,000)

A. baumannii 
46 (77%)

36 (81%) bacterial 
eradication

P. aeruginosa 
2 (3%)

5 (12%) bacterial 
persistence (4 from 
pulmonary site)Both 2 (3%)

[15] 2000–
2003

29 
episodes:

6 patients received 
only aerolized 
polymyxin B (most 
frequent 2.5 mg/kg/
day, divided in 4 
doses)

All patients received 
combination therapy:

A. baumannii 
16(55%)

Evaluated in 22 of 
29:

All 
respiratory 
infections

P. aeruginosa 
12(41%)

−9 (41%) bacterial 
eradication

Imipenem or 
meropenem 65%, 
amikacin 28%, 
tobramycin 10%, 
cefepime 10%, 
quinolone 7%, 
ampicillin–
sulbactam 10%, 
aztreonam 3%

Alcaligenes 
xylosoxidans 
1 (3%)21 patients received 

IV dose: 2.5–3 mg/
kg/day (adjusted to 
renal function in 
31% of them)
2 aerosolized + IV
Actual dose: Not 
described

[14] 2009–
2010

45 patients 
with VAP 
or VAT

2.5 mg/kg/day every 
12 h

29 (64.4); antibiotics 
not described

P. aeruginosa 
16 (35.6%)

18 (41.9%) 
bacterial 
erradication

A. baumannii 
27 (60%)

23 (65.7%) A. 
baumannii of 35 
isolates were 
erradicated

Median daily dose: 
150 mg 
(25th–75th = 150–
200 mg)

Both 2 
(4.4%)

3 (11.1%) of 27 P. 
aeruginosa were 
erradicatedb

VAP Ventilator-associated pneumonia, VAT Ventilator-associated tracheobronchitis
a1 mg of polymyxin = 10,000 IU
bIn this study, prospective daily collections of tracheal aspirates were performed
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ways [33, 34]. However, these data cannot be 
extrapolated to polymyxin B which is adminis-
tered as the active compound. A single animal 
study has evaluated the ELF concentrations of 
polymyxin B during the first 6 h after the intra-
venous administration of 3 mg/kg of the drug in 
mice [35]. Of the four polymyxin B components 
evaluated, only polymyxin B1 could be detected 
for up to 4 h, while polymyxin B2, B3 and iso-
leucine-B1 for only 2 h [35]. The area under the 
curve 0–6  h of polymyxin B1 was approxi-
mately 54% of that found in serum, while these 
values ranged from 68% to 103% for the other 
polymyxin B components [35]. Although the 
bacteriological and clinical responses of aque-
ous polymyxin B in this study were inferior to 
those found for liposomal polymyxin B, attrib-
uted to a higher concentration in ELF for the lat-
ter formulation, the concentration achieved in 
ELF in this experimental model could not be 
considered negligible. It is clear that studies 
assessing pulmonary concentrations of poly-
myxin B in humans are urgently required.

Regardless of the pending issue of polymyxin 
B ELF penetration, the inhalatory use of this anti-
microbial is an attractive option as an adjuvant to 
parenteral therapy. Nevertheless, in contrast to 
CMS/colistin, the reported experience with aero-
solized polymyxin B is scarce. Despite the lack 
of clinical comparative studies, polymyxins B 
has been associated with higher rates of broncho-
constriction episodes, the most frequent adverse 
effect of inhalatory polymyxins, which may con-
tribute to the lower experience compared with 
CMS/colistin [11].

The use of polymyxin B as aerosol for treat-
ment of MDR GNB respiratory tract infections 
was assessed in a retrospective study from 2000 
to 2003 [15]. Twenty-nine courses of polymyxin 
B were included, 6 of these were only by the 
inhalation route with no parenteral polymyxin B 
and 2 by combined aerosol and IV polymyxin 
B. No difference in mortality or in favorable clin-
ical outcome was noted when comparing patients 
who received only IV or aerosolized polymyxin 
B therapy [15]. Of course, the small number of 
patients precludes any definitive conclusion.

The use of inhaled polymyxin B was also 
tested as salvage therapy for pneumonia and ini-
tial treatment for tracheobronchites by MDR 
GNB infections, mostly by P. aeruginosa [36]. 
Fourteen patients had pneumonia with failure of 
treatment with IV polymyxin B, defined as per-
sistence of radiologic images and bacterial recov-
ery from tracheal secretion. Inhaled polymyxin B 
was added to therapy in those patients. Five 
patients had tracheobronchitis and received 
inhaled polymyxin B alone. Inhalation was done 
for an average of 14 days with 50 mg twice a day 
in a 5-mL solution of distilled water, adminis-
tered after 30  min of beta-2 agonist inhalation 
[36]. Cure was achieved in ten patients (53%), 
improvement in eight (42%) and only one patient 
was considered as  a failure. The main adverse 
event was cough and bronchospasm that occurred 
in 4 patients, but resolved after reduction of poly-
myxin B dose [36].

As stated above, most clinical experience with 
aerosolized therapy is with CMS and although 
there is still no prospective study demonstrating a 
clear benefit of this strategy in clinical outcomes, 
there are many studies pointing towards advan-
tages in bacterial eradication from the respiratory 
tract [37–39]. Additionally, a recent large retro-
spective study showed significantly higher clini-
cal cure rates in patients with VAP treated with 
adjuvant inhalation of CMS plus IV CMS in 
comparison with patients treated with IV CMS 
alone (69.2% vs. 54.8%, respectively, P = 0.03) 
[40]. Furthermore, a shorter length of mechanical 
ventilation after pneumonia was also found in 
patients treated with inhalatory CMS [40].

Despite the fact that no comparative study 
with polymyxin B has been performed, there is 
preliminary evidence with CMS/colistin that 
encourages the use of inhalatory therapy of poly-
myxins, particularly if bacterial eradication from 
respiratory secretions is a target aim. The ratio-
nale of increased alveolar levels of the drug with-
out increasing systemic toxicity also supports the 
use of this strategy.

Comments  The mortality rate of patients treated 
with polymyxin B for pneumonia broadly ranged 
in published reports, but it is usually above 40%. 
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This high mortality certainly reflects in some 
degree the severity of baseline disease since most 
of them were critically ill patients. Variations in 
total dose administered can also have influenced 
results. The dose recommended and applied in 
these few studies mostly ranged from 1.5 to 
3.0  mg/kg/day, a variation of up to 100%. 
Additionally, except in one, in all studies the dose 
of polymyxin B was adjusted (lowered) in the 
presence of decreased creatinine clearance, 
which is not in accordance with most recent PK 
findings [30, 31]. Finally, the time to start poly-
myxin B, although not described in some studies, 
was likely delayed, as a consequence of many 
factors that retard the initiation of this drug. For 
example, most patients, particularly in centers 
where XDR organisms are not highly prevalent, 
usually receive a polymyxin agent only when the 
bacteria is identified and susceptibility tests are 
finished, which may require from 48 h, at best, to 
96 h. This certainly retards polymyxins initiation 
potentially affecting outcomes.

Unfortunately, there is still no large study 
assessing prognostic factors associated with 
polymyxin B therapy, especially dosage regimes 
or use of combination therapy that could lead to 
improved clinical and microbiological responses. 
There are also no data regarding the relation of 
bacteria eradication with clinical outcomes, 
including recurrence rates. This information will 
be useful since eradication from  the respiratory 
tract of GNB is very low, particularly in patients 
under mechanical ventilation, and strategies that 
can increase microbiological clearance rates, 
such as inhalatory therapy, may be more widely 
recommended, if such eradication affects clinical 
outcomes.

14.2.2	 �Bloodstream Infections

Bloodstream infections (BSIs) are among the 
major health-care associated infections and they 
are associated with high mortality rates [41]. 
Many studies have reported higher mortality 
rates when the causative agent is a MDR GNB, 

when compared to episodes caused by suscepti-
ble organisms [42–44]. Carbapenem-resistant P. 
aeruginosa, A. baumannii and Enterobacteriaceae 
(notably, K. pneumoniae and Enterobacter spp.) 
are currently common or even endemic in many 
parts of the world and BSIs caused by these 
organisms have been occurring with increased 
frequency. Polymyxins are often the unique ther-
apeutic option for BSIs caused by these resistant 
bacteria. As occurred with other infections, there 
is more reported experience with CMS than with 
polymyxin B.

A retrospective cohort study including patients 
from 2003 to 2009 enrolled 276 patients who 
received IV polymyxin B during ≥72  h in a 
Brazilian hospital [25]. In a subgroup analysis, 
the authors evaluated the outcome of 53 (19.2%) 
patients who presented BSI, caused either by P. 
aeruginosa in 32 (60.4%) or A. baumannii in 21 
(39.6%) patients. The in-hospital mortality of 
patients was 34% (18 out of 53). In this study, as 
discussed below, use of polymyxin B doses 
≥200 mg/day was associated with lower mortal-
ity [25].

The first study specifically assessing the effi-
cacy of polymyxin B in the treatment of BSIs 
caused by P. aeruginosa retrospectively evalu-
ated 133 patients from 2004 to 2009 [13]. Forty-
five (33.8%) patients were treated with polymyxin 
B and 88 (66.2%) with other antimicrobials 
(comparators), of which most were beta-lactams. 
The mean average daily dose of polymyxin B 
was 141 ± 54 mg. Overall in-hospital mortality 
was 41.4% (55/133), and it was significantly 
higher in patients who received polymyxin B 
(66.7%) compared to those who were treated 
with other antimicrobials (28.4%), p  ≤  0.001 
[13]. This difference remained significant after 
adjusting for confounding variables such as Pitt 
bacteremia score, mechanical ventilation at the 
onset of infection and primary bloodstream infec-
tion, showing an approximately twofold increased 
risk of mortality of patients treated with poly-
myxin B [13].

A recent study carried out in Singapore from 
January 2006 to December 2010 evaluated 186 
patients with XDR and non-XDR A. baumannii 
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BSIs and found 30-day mortality rates of 64.5% 
and 58.1%, respectively, p  =  0.366 [45]. 
Unfortunately, there is no description of how 
many patients were treated with polymyxin B; 
however, it was reported that survivors at 30 days 
had received higher polymyxin B daily doses 
than non-survivors (median of 840,000 IU, 25th 
and 75th percentile of 200,000 and 2,000,000 IU 
vs. 700,000 IU, 160,000 and 1,500,000  IU, 
respectively) [45].

Comments  Only a single study suggests that 
polymyxin B may be related to worse outcomes 
in patients with BSIs by susceptible organisms 
receiving other antimicrobial classes [13]. 
However, it is clear the scarcity of studies 
addressing polymyxin B in such infections neces-
sitates additional studies to confirm such a find-
ing. Meanwhile, the main principles of BSI 
treatment must be followed when using poly-
myxin B, i.e. early initiation of therapy, appropri-
ate dosage, controlling of source of infection 
when applicable, among others.

Unfortunately, there is no clear description of 
time to initiation of polymyxin B in most of the 
studies (not only with BSIs). Polymyxin B was 
only used when XDR bacteria had been identi-
fied in many of them, with empirical use adopted 
only in institutions where XDR organisms were 
highly endemic. This usually results in a delayed 
initiation that likely adversely affects patients’ 
outcomes. Additionally, doses may be consid-
ered low in most studies taking into account the 
polymyxin B PK, and it was almost always low-
ered in the presence of decreased creatinine 
clearance, certainly leading to suboptimal 
plasma concentrations of the drug. PK/PD data 
support the use of high dose of polymyxin B, 
and although only demonstrated in two studies, 
survival has been associated with the use of high 
doses of polymyxin B [25, 45]. Thus, beyond 
the general measures recommended for the 
management of BSIs, it is critical that appropri-
ate doses of polymyxin B are prescribed (see 
section below).

14.2.3	 �Urinary Tract Infections

Urinary tract infections by MDR GNB are 
becoming more frequent especially after the 
emergence of carbapenemase-producing 
Enterobacteriaceae isolates, notably K. pneu-
moniae carbapenemase (KPC) and New Delhi 
Metallo-beta-lactamase (NDM) [46, 47]. 
Currently, with the worldwide dissemination of 
carbapenem-resistant Enterobacteriaceae iso-
lates, urinary tract infections are among the main 
infections that required treatment with 
polymyxins.

Although polymyxin B is active against most 
of these isolates, the concentration of this drug in 
the urine is usually very low, around 1–4% of the 
administered IV dose [30, 31]. Nonetheless, the 
few studies reporting the use of polymyxin B for 
the treatment of UTI have suggested that it is an 
efficacious agent, although further properly 
designed studies are required to deeply evaluate 
the efficacy of this antibiotic in the treatment of 
UTI.  The therapeutic success despite the low 
concentration of the drug may be explained by 
possible adequate concentrations of the drug in 
the bladder tissue.

Most of the case series report UTIs treated 
with polymyxin B, but a few have specifically 
assessed this site of infection. One of them was a 
retrospective cohort study performed in 
New York, USA, between January 2005 and June 
2010 [48]. It included 87 patients with positive 
urine culture for carbapenem-resistant K. pneu-
moniae treated for at least 72 h with polymyxin 
B, an aminoglycoside or tigecycline. Patients 
were excluded if there was no follow up culture, 
if the bacteria were not susceptible in vitro to the 
antibiotic studied or if more than one active agent 
was used. The microbiologic clearance rate for 
the 25 patients treated with polymyxin B was 
64% [48]. The median daily dose was 2.25 mg/kg 
(range, 1.1–3.3 mg/kg/day; 1 mg = 10,000 IU). 
Although the bacterial eradication was lower 
than that reached with an aminoglycoside (88%, 
p = 0.02), it may be considered satisfactory tak-
ing into account the low concentration of poly-
myxin B in urine. Additionally, eradication was 
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clearly higher than tigecycline (43%) and 
untreated patients (36%). There was neither dif-
ference in BSIs nor mortality rates among treat-
ment groups [48]. It should also be noted that in 
this study, the index culture colony count of 
>105  CFU/mL was found in 88% of patients 
treated with polymyxin B (22 of 25) and in 73% 
(30 of 41) of patients treated with aminoglyco-
sides, a fact that may contribute to higher bacte-
rial clearance rates obtained in the latter group.

Another positive experience with polymyxin 
B in the treatment of UTI was from a retrospec-
tive study with solid organ transplant patients 
[26]. It was conducted at a tertiary-hospital in 
Brazil from January 2001 to December 2007 and 
included 92 patients treated with either poly-
myxin B (90) or CMS (2 patients) [26]. UTI was 
the most common type of infection, affecting 38 
patients. There was no definition of high or low 
UTI among these patients. The median daily dose 
of polymyxin B was 1,000,000  IU.  Of the 24 
patients from whom a follow-up urine culture 
had been collected, all presented microbiological 
cure, defined as the clearance in subsequent cul-
tures of the pathogen initially isolated [26]. This 
finding is particularly relevant considering such a 
vulnerable patient population.

In a tertiary-hospital in New York, another ret-
rospective study assessed 40 patients from 
January 2007 to August 2011 who were treated 
with polymyxin B monotherapy for carbapenem-
resistant K. pneumoniae infections [24]. They 
found a clinical cure rate in 10 (83.3%) of 12 
patients treated for UTIs [24]. Seventeen (53%) 
of 32 patients who had a follow-up culture pre-
sented documented microbiological clearance. 
Unfortunately, there was no description of the 
infection sites from which the cultures were col-
lected and it is not possible to know how many 
microbiological cures were from UTIs.

Another very small study showed bacterial 
clearance in four of four patients with MDR 
Gram-negative UTI with IV polymyxin B ther-
apy [49].

Comments  As can be seen in Chap. 15, urinary 
concentrations of polymyxin B are low, while 
those of colistin are relatively high, owing to the 

conversion of CMS to colistin in the bladder. For 
this reason, it has been speculated that CMS 
should be preferred instead of polymyxin B in the 
treatment of UTI [5]. However, it is important to 
differentiate between high and low UTI, since 
this theoretical advantage may be applied only to 
the latter, because high concentrations of poly-
myxin B have been found in kidney parenchyma 
[50, 51]. Additionally, as demonstrated above, 
clinical cure and bacterial eradication have been 
demonstrated in patients treated with polymyxin 
B, which may be explained by possible adequate 
concentration of the drug in bladder tissue. Thus, 
this possible superiority must be further evalu-
ated by clinical studies.

A clearer advantage would be regarding bac-
terial eradication, since bacteria attached to the 
bladder mucosa may play an important role in 
recurrence of the disease [52]. Thus, a high con-
centration of the antimicrobial in urine could 
theoretically increase the efficacy for bacterial 
eradication by a topical action.

Finally, intravesical instillation of polymyxin 
B and CMS has been reported in a few studies 
[53, 54]. Doses and mode of administration must 
be further evaluated; nonetheless, it may poten-
tially be an interesting alternative for patients 
with uncomplicated low UTI in order to avoid 
systemic adverse effects.

14.2.4	 �Central Nervous System 
Infections

The development of invasive procedures and 
devices in the central nervous system (CNS) 
along with the increasing number of immuno-
compromised individuals have been determining 
an increasing incidence in GNB infections in this 
site, such as meningitis and/or ventriculitis [10, 
55]. The emergence of CNS infections by MDR 
and XDR GNB is of special concern because few 
antibiotics are available to treat these infections, 
and polymyxins have poor CNS penetration fol-
lowing intravenous administration, although 
recent studies have only evaluated CMS/colistin 
[56, 57]. Nonetheless, since neither CMS nor 
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colistin have been found in adequate concentra-
tions in CNS after intravenous dosing of CMS, it 
could be expected that polymyxin B penetration 
must also be low. Intraventricular or intrathecal 
use is a strategy adopted in this situation in order 
to reach higher CNS concentration of the drug 
[10].

A systematic review evaluated 64 episodes of 
proven GNB meningitis which were treated with 
intratventricular or intrathecal polymyxins [10]. 
In most cases intrathecal polymyxins were used 
after failure to respond to IV regimens. Intrathecal 
polymyxin B was mostly used before 1974, 
whereas CMS was the drug most commonly 
evaluated in more recent studies [10]. The dose of 
polymyxin B applied was 50,000 IU/day in most 
cases and treatment length varied from 1 to 
9 weeks [10]. Overall cure rate was 80% (51/64). 
From the 40 episodes treated with polymyxin B, 
4 were considered to have failure to polymyxin B 
therapy, 4 had an intermediate outcome (in most 
cases intermediate outcome was considered when 
there was improvement in clinical symptoms, but 
polymyxin B had to be stopped for adverse 
effects) and 32 were cured. The main signs of 
toxicity were characterized as meningeal irrita-
tion and were related to the use of high daily 
doses of polymyxins (100,000–200,000  IU in 
adults and 20,000 IU in infants weighting 3 kg). 
Fortunately, all cases of toxicity were reversible 
with the suspension of the drug [10].

Comments  There is no doubt that CNS infec-
tions by XDR GNB are among the major thera-
peutic challenges. There is no study defining an 
unequivocal benefit of adjuvant intrathecal or 
intraventricular administration neither of poly-
myxin B nor of CMS. However, considering the 
low penetration of the drugs in cerebral spinal 
fluid following intravenous administration, there 
is strong rationale for adopting direct administra-
tion to the infection site, at least in those cases in 
which initial response is poor. For infections of 
the CNS parenchyma, the rationale for using this 
strategy is less clear. While PK and clinical stud-
ies are not available to define the best dosage 
regime for the treatment of meningitis or ventric-
ulitis by XDR GNB, it is recommended the high-
est IV dosage regime must be prescribed with or 

without intraventricular or intrathecal instillation 
of polymyxin B in the dosages recommended in 
IDSA guidelines that are 50,000  IU daily in 
adults and 20,000 IU daily in children [58].

14.2.5	 �Other Infections

Other important and common infectious syn-
dromes are intra-abdominal and skin and soft tis-
sue infections, including surgical wound 
infections. As occurs with other types of infec-
tions, there is an increasing incidence of XDR 
GNB causing intra-abdominal infections, usually 
as a complication of a surgical procedure, and 
cellulitis, often as a complication of surgical 
wound infections or in patients with ischemic or 
diabetic ulcers, or other kinds of soft tissue injury 
[23–28].

Although such infections have been reported 
with variable rates in studies assessing IV poly-
myxin B for infections caused by MDR or XDR 
GNB, there is no reported experience with poly-
myxin B in such specific syndromes. However, as 
occurs in other situations, the management of 
such infections must follow the general princi-
ples of infections caused by susceptible organ-
isms. Appropriate surgical intervention should be 
indicated whenever a persistent focus or necro-
tized tissue is present. For intra-abdominal infec-
tions, the highest dose possible should be 
prescribed, because these infections are usually 
severe complications of a subjacent disease, and 
frequently present as intra-abdominal (including 
retroperitoneal) abscesses or peritonitis (authors’ 
personal experience).

Cellulitis or other soft tissue infections in the 
authors’ experience commonly present in patients 
with underlying comorbidities and some kind of 
skin injury. Superinfections by XDR GNB in 
patients undergoing treatment for erysipelas and 
cellulitis caused by usual pathogens, such as 
Streptococcus pyogenes and Staphylococcus 
aureus, have also been observed. Clinical worsen-
ing in patients with an initial favorable response to 
treatment for these pathogens may warrant atten-
tion for the possibility of XDR GNB infection, 
notably in patients with prolonged hospitalization 
and previous broad spectrum antibiotic exposure.
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For skin and soft tissue infections, the poly-
myxin B dose can be decided according to the 
severity of presentation. However, the authors 
usually prescribe a dose not lower than 2.5 mg/
kg/day for moderate to severe infections, and we 
discourage the use of 1.5 mg/kg/day which can 
be found in the product label (see dosage recom-
mendations below).

14.3	 �Topical Use of Polymyxins

14.3.1	 �Ophthalmic 
and Otological Use

Polymyxin B has been used for a long time as a 
topical agent in the treatment of conjunctivitis 
and otitis externa. This use is not specific against 
XDR GNB, but for its general GNB spectrum. 
Polymyxin B as eye drops in combination with 
other antibiotics against Gram-positive organ-
isms has been used for conjunctivitis since the 
1980s [59]. It has been shown to be as effective as 
other more recent drugs, with lower treatment 
costs [60]. For acute otitis externa, ear drops con-
taining a combination of polymyxin B, neomycin 
and hydrocortisone have been found to be an 
effective treatment of this condition [61, 62]. As 
for conjunctivitis, the combination of polymyxin 
B with an anti-Gram-positive agent has been 
used for otitis treatment as a topical agent since 
the 1980s [63].

14.3.2	 �Selective Digestive 
Decontamination

Selective digestive decontamination (SDD) is 
defined as the prophylactic application of topical, 
non-absorbable antimicrobials in the oropharynx 
and stomach with the objective of eliminating 
potentially pathogenic bacteria without affecting 
anaerobic microbiota [64]. SDD and selective oro-
pharyngeal decontamination (SOD) have been 
shown to reduce the incidence of hospital-acquired 
infection, particularly, ventilator-associated pneu-
monia, and it possibly has a positive impact in 
decreasing overall mortality in intensive care units 
[65]. Because of its broad spectrum against poten-

tially pathogenic GNB, polymyxin B is one of the 
most commonly used antibiotics typically in com-
bination with other agents.

Despite the unequivocal evidence-based ben-
efits of SDD and a recent meta-analyses that 
could not demonstrate any relation between the 
use of SDD or SOD and the development of over-
all antimicrobial resistance in pathogens in 
patients in the intensive care unit [64], there have 
been alarming reports of emergence of resistance 
to polymyxins after implementation of SDD with 
these drugs [66–68]. Of great concern is the fact 
that such resistance has emerged in 
carbapenemase-producing GNB for which poly-
myxins are the last resort therapy [66–68]. Thus, 
considering that the impact of SDD on intensive 
care unit antimicrobial resistance rates is still 
understudied [64], and the emergence of resis-
tance to polymyxins in XDR GNB may have 
catastrophic consequences, the use of both poly-
myxins should be reconsidered in SDD regimes.

14.3.3	 �Other Topical Forms 
of Administration

Successful treatment with polymyxin B was 
achieved in a case of peritoneal dialysis related 
peritonitis by a carbapenemase-producing K. 
pneumoniae isolate which had failed treatment 
with amikacin and meropenem [69]. 
Intraperitoneal topical use of polymyxin B was 
also described in a case report of peritoneal dialy-
sis related peritonitis by an XDR A. baumannii in 
addition to intravenous and intraperitoneal 
ampicilin-sulbactam, without the need for cathe-
ter removal [70].

Polymyxin B was also used topically, actually 
sprayed into the posterior pharynx and tracheal 
tube, for preventing pulmonary infections in crit-
ically ill patients [71]. The administration of 
polymyxin B (2.5 mg/kg/day – 6 divided doses 
for 2 months) to 355 patients was compared to a 
placebo group of 337 patients. Although inci-
dences of P. aeruginosa pneumonia were low, 
these rates were significantly lower in the poly-
myxin B arm (0.80%) than in the placebo arm 
(4.6%). No improvement in overall mortality was 
found [71].
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14.4	 �Toxicity

Toxicity of polymyxins is a major concern in 
clinical practice. High rates of nephrotoxicity 
have been reported along with neurologic and 
other less common adverse events. Although it 
has been shown that adverse effects are not as 
frequent as previously reported and that most are 
reversible, toxic effects are still the major limit-
ing factor in the use of both polymyxins. This 
topic is fully reviewed in Chap. 17. Thus, in this 
section, just a brief summary of the main studies 
involving polymyxin B in the modern literature 
will be presented.

14.4.1	 �Nephrotoxicity

The defining criteria for nephrotoxicity greatly 
varies among studies, mostly because definitions 
of renal toxicity have broadly ranged among 
them. The absence of standardized criteria for 
nephrotoxicity in older studies impairs their 
direct comparison. Only recently, a small number 
of studies evaluated acute kidney injury (AKI) 
based on RIFLE criteria or AKIN criteria [72–
75], which have been used as standard criteria for 
AKI definitions [76]. Their major findings are 
summarized in Table 14.2.

Although still not properly evaluated, AKI is 
generally reversible. It seems to be dose depen-
dent and avoidance of other nephrotoxic drugs 
has been recommended whenever possible. The 
authors’ opinion is that proper dose administra-
tion should not be regarded as a secondary plan 
for preventing AKI.  Doses should be adminis-
tered according to the patients’ needs and any 
AKI event should be posteriorly handled. Further 
details on nephrotoxicity and its risk factors are 
discussed in Chap. 17.

14.4.2	 �Neurotoxicity

The relation of polymyxins and neurotoxicity is 
not fully understood and is mainly based on case 
reports. There are not many reports of neurotox-
icity in the recent literature, but specifically with 

polymyxin B, it has been described in six patients, 
and clinically manifested as paresthesias (3), 
altered mental status (1), seizures (1) and neuro-
muscular weakness (1) [77, 15, 78].

Reports of respiratory arrest related to poly-
myxin B infusion have been described in the 
1960s and were attributed to neuromuscular 
blockade [79, 80]. More recently two other cases 
of respiratory arrest were reported [81]. In one of 
them a 48  year-old man receiving oxygen by 
nasal cannula with oxygen saturation of 100% 
developed apnea and became unresponsive after 
1 h of 125 mg (1.6 mg/kg) of polymyxin B infu-
sion. There was a rapid recovery after supporting 
management [81]. In another case, a 58 year-old 
man received IV polymyxin B at a loading dose 
of 200  mg (2.9  mg/kg) IV followed by 80  mg 
(1.1 mg/kg) IV [81]. Three hours after the fourth 
infusion the patient suddenly developed acute 
respiratory distress also requiring endotracheal 
intubation. Other explanations for the event were 
excluded through multiple exams. The day after, 
the tube was removed and the patient described 
he felt unable to breath or move his arms [81]. 
Later on, in the same hospital stay, the patient’s 
clinical state worsened and polymyxin B was 
reinitiated under ICU monitoring. Two hours 
after commencing the infusion of polymyxin B, 
the patient developed a witnessed respiratory 
arrest requiring emergency airway management 
followed again by extubation without sequelae 
on the following day. Applying Naranjo adverse 
drug reaction scale [81, 82] the first episode 
would be reported as possible and the second as 
probable related event.

In the authors’ own experience, paresthesia is 
a relatively common side effect. It is most fre-
quently observed during polymyxin B infusion, 
although not exclusively. More details of neuro-
toxicity of polymyxins are found in Chap. 17.

14.4.3	 �Cutaneous 
Hyperpigmentation

Skin hyperpigmentation has been occasionally 
described in clinical practice although very few 
case reports have documented these findings. 
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Two case reports described darkness of face, 
ears, neck and upper chest after infusion of 14 
and 30  days of polymyxin B use [83]. Both 
patients received tigecycline along with poly-
myxin B which is an important confusing factor, 
since skin hyperpigmentation has been described 
in minocycline derivatives. As described previ-
ously, three solid organ transplant patients devel-
oped grey discoloration of skin during polymyxin 
use [84].

14.4.4	 �Polymyxin B in Pregnancy

Data regarding possible embryotoxic effect of 
polymyxin B are very limited. A case series of 
seven pregnant patients exposed to polymyxin B 
during the first trimester did not result in congen-
ital abnormalities in any of the cases [85]. A large 
case-control study including 22,843 infants with 
congenital abnormalities matched to 38,151 
infants in the control group showed that 6 infants 
in the case group had mothers that received poly-
myxin B treatment during gestation compared to 
13 of the control group, resulting in no statisti-
cally significant association [86, 87]. Recently a 
case report of a pregnant patient treated for 7 days 
with 1,000,000 IU of polymyxin B per day in the 
third month of gestation resulted in the delivery 
of a healthy child [87]. Despite the scarce data on 
this issue, there is no current evidence for 
embryotoxic effect of polymyxin B.

14.5	 �Recommendations 
for Clinical Use 
of Polymyxin B

There are some practical issues regarding the 
clinical use of polymyxin B in patients with 
infections by MDR or XDR GNB. Dose regimes, 
adjustment for renal function and the use of com-
bination therapy are some of these topics and we 
summarize some authors’ recommendations on 
the use of polymyxin B based on published evi-
dence and on their own experience.

14.5.1	 �Dose

The historically recommended doses of poly-
myxin B and found in the product label ranged 
from 1.5 to 3.0 mg/kg/day, either divided in two 
doses or by continuous infusion. However, there 
has been no specific recommendation for each 
dose chosen in each specific situation, and this 
choice has been made in a totally empirical, 
almost intuitive, manner. It was a common prac-
tice to use lower dosages of the drug because of 
toxicity concerns. As the PK/PD of polymyxins 
have become clearer, the toxicity has been shown 
to be acceptable and manageable, along with 
recent PK knowledge on polymyxin B [30] and 
some preliminary demonstration that higher 
doses have been associated with improved out-
comes [25], there seems to be a transition in pre-
scribing practices, and many have been using 
higher dosage regimes to treat XDR GNB 
infections.

It has been demonstrated that free (unbound) 
area under the concentration–time curve (fAUC)/
minimal inhibitory concentration (MIC) is the 
PK/PD index that best predicts polymyxin activ-
ity against GNB [88–90], indicating that an ade-
quate time-averaged exposure to polymyxins is 
necessary to optimize their bactericidal proper-
ties [91]. Thus, the higher is the MIC of infecting 
bacteria, the higher the fAUC required to attain 
the target relation.

The MICs of XDR GNB for polymyxin B 
have a broad variation within the susceptibility 
range (breakpoint of 2  mg/L) from concentra-
tions as low as ≤0.125 mg/L up to 2 mg/L [92]. 
Considering a recent population PK study with 
Monte Carlo simulation a dose of 2.5–3.0 mg/kg/
day divided in two administrations has been rec-
ommended for all severe infections with GNB 
with MIC of 0.5–2 mg/L [9]. It must be noted that 
it is very likely that a reasonable proportion of 
patients infected with a GNB with an 
MIC  =  2  mg/L will not achieve an appropriate 
PK/PD target even receiving these ‘maximal’ 
doses of polymyxin B [30]. Additionally, in all 
severe infections, especially in patients with sep-
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tic shock and/or in patients infected by GNB with 
MIC = 1 or 2 mg/L, a loading dose is strongly 
recommended to achieve steady-state levels more 
promptly.

Lower doses may be prescribed for less severe 
infections with organisms with MICs of 0.25, 
0.125 mg/L or even below these values. A dose of 
2.0 mg/kg/day may also be adequate for infection 
by GNB with MIC  =  0.5  mg/L causing mild 
infections when a good clinical outcome may be 
expected even without achieving the optimal PK/
PD target of the drug. Considering the PK profile 
of polymyxin B and its therapeutic efficacy, 
along with the potential for emergence of resis-
tance during treatment, the authors strongly dis-
courage the use of 1.5  mg/kg/day in any 
situation.

The clinical impact of dose on mortality was 
evaluated in a retrospective cohort study con-
ducted from 2003–2009 including 276 patients 
that received at least 72 h of polymyxin B [25]. 
Overall in-hospital mortality was 60.5% 
(167/276). Risk factors for mortality in the multi-
variate model were severe sepsis or septic shock 
at the onset of infection, mechanical ventilation, 
higher Charlson comorbidity score, and older 
age. The only protective factor for mortality was 
a dose ≥200 mg/day (adjusted Odds Ratio = 0.35, 
95% Confidence Interval = 0.17–0.71, p = 0.007). 
In subgroup analysis of patients with microbio-
logically confirmed infections (212 patients) and 
BSIs (53 patients), doses ≥200 mg/day remained 
as an independent protective factor in the multi-
variate model [25]. Noteworthy, the benefit of 
these higher doses in reducing mortality was 
observed even in the presence of renal dysfunc-
tion during therapy, which was more commonly 
observed in patients receiving higher doses [25].

The ideal administration interval of poly-
myxin B has also been a matter of debate. Only a 
small retrospective study conducted from 2001 to 
2004 compared continuous versus intermittent 
infusion of polymyxin B regarding efficacy and 
toxicity [93]. Fourteen patients received a 
24-hour continuous infusion and 13 patients 
intermittent infusion (every 12 h). Both groups of 
patients received low total daily doses and these 

were even lower in the group of continuous infu-
sion compared to intermittent infusion; 
68.6 ± 31.4 vs 96.5 ± 19.6 mg/day, respectively 
(p  =  0.09). However, doses were adjusted for 
renal impairment and after excluding those 
patients, the mean dose was comparable between 
groups. No difference in efficacy was found, 
evaluated through resolution of signs and symp-
toms at the end of therapy and mortality during 
therapy [93]. Toxicity, defined as 50% increase in 
serum creatinine or 50% clearance reduction, 
was similar between groups [93]. Nevertheless, 
the study included few patients, a fact that pre-
cludes any definitive conclusion. We recommend 
administration every 12  h in a 1-hour infusion, 
because there is a preclinical rational for such 
posology. First, recent PK studies in rats have 
shown that the renal toxicity seems to be related 
to the continued exposure to the drug rather than 
the peak concentrations [50, 51]; additionally, 
static PD studies showed a concentration-
dependent activity of polymyxin B [94], although 
still requiring confirmation of its potential clini-
cal impact; and finally, because of the practical 
difficulties in administering a continuous infu-
sion drug.

14.5.2	 �Renal Impairment 
and Hemodialysis

Renal adjustment of polymyxin B dose has been 
done for many years and it has been reported in 
most published studies, usually following the 
recommendation of the first review article on 
polymyxins published in the resurgence era of 
these drugs [95]. However, although necessary 
for CMS, recent evaluation of polymyxin B PK 
has shown that its total body clearance is inde-
pendent of creatinine clearance [30, 31]. This 
indicates that dose reduction in renal impairment 
is inappropriate for polymyxin B and will proba-
bly lead to reduced serum concentration of the 
drug [30, 8].

There are no data of polymyxin B in patients 
receiving intermittent hemodialysis and only one 
recent study using appropriate methodology for 
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measuring polymyxin B concentrations has been 
published so far in two patients receiving contin-
uous venovenous hemodialysis [96]. On day 8 
and day 10 of therapy, antibiotic concentration 
was quantified at 8 different time points, in 
plasma and dialysate. Only 12.2% and 5.62% of 
the dose was recovered in each patient in the dial-
ysate after a 12-hour interval [96]. Although a 
higher proportion of polymyxin B was recovered 
in dialysate compared to the urinary recovery of 
<1–4% found in previous studies [30, 31], it still 
represents a small proportion of the total dose. 
This single study combined with the knowledge 
that polymyxin B is not cleared by the kidneys 
preliminarily suggests that polymyxin B dose 
should not be reduced in patients receiving con-
tinuous venovenous hemodialysis. In contrast, 
even an incremental dose of around 10% may be 
considered [9]. Additional studies are still 
required to evaluate polymyxin B in distinct 
modalities of dialysis.

14.5.3	 �Combination Therapy

There is no definitive clinical evidence that com-
bining another antimicrobial with polymyxins 
improves clinical and microbiological outcomes 
of patients with MDR or XDR GNB infections 
[97]. Nonetheless, it has been the current practice 
considering preclinical data supporting the use of 
combination therapy and some preliminary evi-
dence from cohort studies suggesting that it may 
be superior to monotherapy with polymyxins in 
patients with carbapenem-resistant 
Enterobacteriaceae, although this therapeutic 
strategy still lacks more robust clinical evidence 
to support it [98–101, 97]. Notably, most of this 
benefit has been attributed to the addition of a 
carbapenem drug in schemes with polymyxins in 
patients with low level resistance to these former 
agents [98–101]. No cohort study has shown sim-
ilar results with other GNB such as A. baumannii 
and P. aeruginosa [97] and combination therapy 
with carbapenems against such GNB is more 
complicated considering that low level resistance 
in these pathogens is much less common than in 
Enterobacteriaceae isolates [97]. In addition, it is 

important to highlight that all studies evaluating 
combination therapy have analyzed CMS/
colistin.

The rationale for combination therapy is fully 
discussed in Chap. 16 and it is beyond the scope 
of this chapter to review all the aspects of this 
strategy. The general lines for clinical choice of 
the combining agents should follow an evalua-
tion of the previous clinical experience with the 
drug, the MICs of the organisms for the specific 
antimicrobials along with their PK and issues 
regarding toxicities, especially, renal toxicity. 
Thus, most suitable candidates are the carbapen-
ems, tigecycline (not for P. aeruginosa), 
ampicillin-sulbactam (only for A. baumannii), 
aztreonam (for metallo-beta-lactamase-only-pro-
ducing GNB) and fosfomycin (where a paren-
teral formulation is available). Rifampicin has 
been an attractive option, but it showed no benefit 
in a recent randomized clinical trial against A. 
baumannii [102]. Finally, although aminoglyco-
sides show in vitro susceptibility in some MDR 
and XDR isolates, their use should be done with 
extreme caution, since the high doses required to 
achieve reasonable concentrations against high-
MIC pathogens substantially increase renal tox-
icity, with no clear therapeutic benefit [97].
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Abstract
The availability of sensitive, accurate and spe-
cific analytical methods for the measurement 
of polymyxins in biological fluids has enabled 
an understanding of the pharmacokinetics of 
these important antibiotics in healthy humans 
and patients. Colistin is administered as its 
inactive prodrug colistin methanesulfonate 
(CMS) and has especially complex pharmaco-
kinetics. CMS undergoes conversion in vivo to 
the active entity colistin, but the rate of con-
version varies from brand to brand and possi-
bly from batch to batch. The extent of 
conversion is generally quite low and depends 
on the relative magnitudes of the conversion 
clearance and other clearance pathways for 
CMS of which renal excretion is a major com-
ponent. Formed colistin in the systemic circu-
lation undergoes very extensive tubular 
reabsorption; the same mechanism operates 
for polymyxin B which is administered in its 
active form. The extensive renal tubular reab-

sorption undoubtedly contributes to the pro-
pensity for the polymyxins to cause 
nephrotoxicity. While there are some aspects 
of pharmacokinetic behaviour that are similar 
between the two clinically used polymyxins, 
there are also substantial differences. In this 
chapter, the pharmacokinetics of colistin, 
administered as CMS, and polymyxin B are 
reviewed, and the therapeutic implications are 
discussed.

Keywords
Colistimethate · Colistin · Polymyxin B · 
Pharmacokinetics in humans · Comparison of 
colistin and polymyxin B pharmacokinetics · 
Pharmacodynamics and toxicodynamics · 
Clinical implications

As discussed in Chap. 3, the polymyxins were 
discovered in the 1940s. While the polymyxin 
family of antibiotics comprises several members, 
only colistin (also known as polymyxin E) and 
polymyxin B were developed for clinical use. 
These two polymyxins differ from each other by 
just one amino acid in the heptapeptide ring 
(Fig. 15.1) and they possess very similar in vitro 
antibacterial activity [1–3]. Since they are prod-
ucts of fermentation, they are multicomponent 
mixtures with the major respective components 
being colistin A and B, and polymyxin B1 and 
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B2. Notwithstanding the similarities mentioned 
above, colistin and polymyxin B differ substan-
tially in regard to the chemical form that is con-
tained within the parenteral and inhalational 
products that are administered to patients [1, 4]. 
Polymyxin B is administered parenterally as its 
sulfate salt; that is, patients directly receive the 
active antibacterial entity. In contrast, colistin is 
administered as the sodium salt of colistin meth-
anesulfonate (CMS, also known as colistimeth-
ate) (Fig.  15.1). It is now well established that 
CMS is an inactive prodrug [5, 6], and it requires 
conversion in vivo to colistin to unmask antibac-
terial activity [5, 7–9]. However, CMS is an 
extremely complex mixture of up to ~30 meth-
anesulfonated derivatives for each colistin com-
ponent, and the composition of CMS 
pharmaceutical products may vary from brand-
to-brand and even from batch-to-batch [10]. The 
numerous chemical pathways for the de-
methanesulfonation process of the multiple CMS 
components is likely to affect the overall time-

course for in vivo generation of colistin. Indeed, 
in a study conducted in rats the time-course of 
plasma colistin concentrations differed across 
four brands of parenteral CMS [10]. As discussed 
in this chapter, the difference in the chemical 
forms of colistin and polymyxin B as adminis-
tered to patients has a major effect on the phar-
macokinetic profiles of the active forms of the 
two polymyxins, with significant clinical phar-
macological implications [1].

The pharmacokinetic studies conducted on the 
polymyxins during the twentieth century relied 
on microbiological assays for quantification of 
the drugs in biological fluids; unfortunately, such 
methods are still used in some more recent stud-
ies. As discussed in Chap. 6, these methods have 
general limitations in regard to assay perfor-
mance criteria such as selectivity (interference by 
coadministered antibiotics), sensitivity (inability 
to quantify low concentrations), accuracy and 
reproducibility. Microbiological assays are espe-
cially problematic for quantification of ‘colistin’ 

Fig. 15.1  Structures of colistin A and B, and polymyxin 
B1 and B2 are shown in the upper panel. In polymyxin B, 
D-Phe (phenylalanine) replaces the D-Leu (leucine) 
marked with the asterisk. The lower panel depicts struc-
tures of colistin methanesulfonate (CMS) A and B.  All 
five primary amines of colistin are shown as being meth-
anesulfonated, but it should be recognized that CMS is a 
complex mixture containing numerous partially methane-

sulfonated derivatives [1]. In addition, recently it has been 
shown that some primary amines may not be derivatized 
while others may have two methanesulfonate groups 
attached [128]. Fatty acid: 6-methyloctanoic acid for 
colistin A and polymyxin B1; and 6-methylheptanoic acid 
for colistin B and polymyxin B2. Thr: threonine; Dab: 
α,γ-diaminobutyric acid. α and γ indicate the respective –
NH2 involved in the peptide linkage
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concentrations in biological fluids following 
administration of CMS [8]. These assays are 
incapable of differentiating the colistin present in 
a biological sample at the time of its collection 
from a patient and the colistin formed in vitro by 
hydrolysis of CMS during the microbiological 
assay. The resultant measured concentration of 
‘colistin’ can substantially over-estimate the true 
concentration present in the patient, especially in 
the early hours after administration of a dose of 
CMS when its concentration vastly exceeds that 
of colistin (see below). Prior to 2015, the phar-
macokinetic information provided in all product 
labels (summary of product characteristics 
(SPCs)) for CMS parenteral products around the 
world was still based upon the erroneous plasma 
concentration versus time profiles that were gen-
erated with microbiological assays decades ago 
[8, 11, 12]. Fortunately, in December 2014 the 
European Commission accepted recommenda-
tions of the European Medicines Agency (EMA) 
to modernize the SPCs in use across Europe [13]. 
It is regrettable that such a process has not yet 
occurred in the USA and many other parts of the 
world. In the present chapter, in general only 
pharmacokinetic data from studies in which 
appropriate sample handling and chromato-
graphic methods [8] (see also Chap. 6) were used 
will be reviewed. Studies that do not satisfy these 
criteria will only be mentioned to highlight the 
importance of appropriate sample handling and 
bioanalytical procedures.

In the present chapter, the pharmacokinetic, 
and where possible the pharmacodynamic and 
toxicodynamic, data for CMS/colistin and poly-
myxin B will be reviewed in turn. For each of the 
polymyxins, initially data obtained following 
intravenous dosing will be considered as this is 
the most common mode of administration and the 
route for which most information exists. Where 
data are available, other routes, such as nebuliza-
tion delivery to the airways and intrathecal dos-
ing, will also be considered. As discussed in Chap. 
7 in relation to disposition in animals and below 
in regard to humans, there are major and clinically 
important differences in the pharmacokinetics of 
CMS and colistin. However, there is no substan-
tial difference in the pharmacokinetics of the 

major components of the polymyxins (colistin A 
and B; polymyxin B1 and B2) [14–18]. Therefore 
the pharmacokinetics of the individual compo-
nents will not be considered in this review.

15.1	 �Colistin Methanesulfonate 
and Formed Colistin

Doses of CMS below are expressed in terms of 
both milligrams of colistin base activity (CBA) 
and number of international units (IU). The con-
version factor between these two conventions is: 
1 million IU is equivalent to ~33 mg CBA [19].

15.1.1	 �Intravenous Administration

Healthy Volunteers  With a new drug, typically 
the disposition in healthy volunteers is elucidated 
early in the clinical development of the drug, and 
this provides baseline information for comparison 
with data obtained later in various patients groups. 
There have been only three published reports in 
which chromatographic methods were used to 
define the disposition of CMS and colistin in 
healthy volunteers [18, 20, 21]. The first two of 
these studies were reported in 2011 while the third 
study was reported in 2018, approximately 
50–60 years after colistin, administered as its inac-
tive prodrug CMS, began to be used in patients.

In the first of these studies [18], the disposition 
of CMS and formed colistin was examined in 12 
young (mean ± SD; 29.5 ± 5.5 years) healthy male 
volunteers (creatinine clearance 121 ± 18 mL/min) 
in France. The intravenous dose of CMS was 1 
million IU (~33 mg CBA) and this was adminis-
tered as a 1-h infusion. CMS was predominantly 
cleared by excretion into urine; the typical values 
of the total and renal clearances of CMS were 148 
and 103 mL/min, respectively; the latter was simi-
lar to the glomerular filtration rate (GFR) esti-
mated from the creatinine clearance values. As had 
been reported from an earlier study in patients 
with cystic fibrosis [22], the formation of colistin 
in vivo was observed in healthy human volunteers 
[18]. Maximum plasma concentrations of formed 
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colistin were achieved at ~2 to 3  h after com-
mencement of the CMS infusion. The terminal 
half-life of colistin (~3 h) was longer than that of 
the prodrug (~2 h) indicating that the disposition 
of formed colistin was rate-limited by its own 
elimination, not its conversion from CMS; [18] the 
same finding had been reported from an earlier 
study in rats [7]. Population pharmacokinetic anal-
ysis (structural model had two compartments for 
CMS and one compartment for colistin) was per-
formed, but subject factors (e.g. renal function) 
influencing the disposition of CMS and colistin 
were not identified. This is not surprising given the 
small sample size and the fact that all subjects 
were healthy young males. Both CMS and formed 
colistin were recovered in urine; however, it was 
recognized based upon earlier studies in rats [7, 
14], that much of the recovered colistin was 
formed from excreted CMS that underwent spon-
taneous hydrolysis in tubular and/or bladder urine. 
After correcting for this post-excretion conversion 
of CMS to colistin, the renal clearance of the latter 
was only 1.9 mL/min. While plasma protein bind-
ing of colistin was not examined in this study [18], 
subsequent studies have shown that colistin is 
approximately 50% bound in the plasma of 
humans [23]. Thus, the renal clearance value of 
colistin (1.9 mL/min) [18] is much less than the 
product of the unbound fraction in plasma and 
GFR indicating extensive renal tubular reabsorp-
tion of colistin that is formed from CMS prior to 
renal excretion. Very extensive renal tubular reab-
sorption of colistin following its direct administra-
tion to rats had been observed previously [14]. 
Based upon a urinary recovery of CMS and colis-
tin (the latter mainly formed within the urinary 
tract) of approximately 70% of the administered 
dose, the authors speculated that ~30% of the pro-
drug was converted to colistin within the body 
prior to the renal excretion events [18]. This 
assumes that the only clearance pathways for CMS 
are conversion to colistin within the body and 
renal excretion. However, this approach almost 
certainly over-estimates the percentage conversion 
of the prodrug within the body, prior to renal 
excretion events. In an earlier study in rats in 
which the area under the plasma concentration-
time curve of formed colistin after intravenous 

administration of CMS [7] was compared with the 
dose-normalized area after direct administration of 
colistin [14] it was found that only ~7% of a dose 
of CMS was converted to colistin within the body; 
[7] other similar studies in rats concluded that 
~2.5–12% of a CMS dose was converted systemi-
cally to colistin [24–26]. These figures for percent-
age systemic conversion (~2.5–12%) [7, 24–26] 
are substantially lower than what would be pre-
dicted (~40%) based upon the urinary recovery (as 
CMS and colistin) of ~60% of the dose in rats 
intravenously administered CMS [7]. Thus, the 
percentage of a CMS dose converted systemically 
to colistin in the study in healthy young human 
volunteers was very likely lower than the 30% pro-
posed by the authors [18]. Clearly, CMS is an 
extremely inefficient prodrug in both rats and 
humans with good kidney function.

In the second study in healthy human volun-
teers [20], the disposition of CMS and formed 
colistin was investigated in 15 male Japanese 
subjects (age 26.3 ± 6.7 years; creatinine clear-
ance 125  ±  29  mL/min/1.73  m2). CMS was 
administered as a 0.5-h intravenous infusion of a 
single dose (2.5  mg/kg CBA (~75,000  IU per 
kg)); after a 7-day washout, 14 of the subjects 
received the same dose twice daily for 2.5 days. 
Non-compartmental pharmacokinetic analysis 
was used for the plasma and urinary data from 
both the single- and multiple-dose phases of the 
study [20]. It is not clear why the authors chose to 
extrapolate the area under the plasma 
concentration-time curve (AUC) to infinite time 
after both single and repeat dosing, because for a 
drug exhibiting linear pharmacokinetics the AUC 
to infinite time after the first (single) dose should 
be the same as the AUC across a dosage interval 
at steady state [27]. It is also not understood why 
the accumulation (steady-state) ratios for CMS 
and formed colistin were determined as the ratio 
of the respective AUC over a 12-h dosing interval 
on day 3 to the AUC to infinite time after the sin-
gle dose; [20] both AUCs should have been 
determined over a 12-h interval following the 
respective doses [27]. In the Japanese subjects, 
~40% of the dose of CMS was excreted in urine 
as CMS plus colistin [20]. The authors made the 
same assumption as that discussed for the study 
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conducted in France [18] and therefore concluded 
that ~60% of each dose of CMS was converted to 
colistin in the body. As discussed above, that 
almost certainly over-estimates the actual extent 
of systemic conversion.

More recently, the pharmacokinetics of CMS 
and formed colistin in healthy Chinese subjects 
after single and multiple intravenous doses of a 
new product of CMS developed in China have 
been reported [21]. A total of 12 subjects (6 
female and 6 male; age 25.6 ± 3.2 years; creati-
nine clearance 129 ± 9.8 mL/min) received nomi-
nally 2.5 mg CBA per kg as a single dose infused 
over 1 h; the same dose was administered twice 
daily for 7 days to another group of 12 subjects, 
again with an equal number of women and men 
(age 25.4  ±  3.2 years; creatinine clearance 
133 ± 13.8 mL/min). Because the maximum dose 
to be administered at any time was 150 mg CBA, 
the average (range) actual CMS doses in the sin-
gle- and multiple-dose studies were 2.36 (2.19–
2.50) mg CBA per kg and 2.35 (2.01–2.50) mg 
CBA per kg, respectively. The plasma and urinary 
data on CMS and colistin were subjected to non-
compartmental pharmacokinetic analysis. As for 
the study in Japanese subjects [20], AUC from 
zero time to infinity was determined for both the 
single- and multiple-dose studies in the Chinese 
subjects [21]. In the latter study, the accumulation 
ratio was determined as the ratio of the AUC over 
12 h on day 7 of the multiple-dose study to the 
AUC over 12 h after the single dose in the other 
group of subjects. As occurred in the other two 
studies in healthy subjects [18, 20], the fraction of 
CMS converted to colistin in the body in the 
Chinese subjects was estimated as one minus the 
fraction of CMS in the body that was excreted in 
urine. Thus, the resulting estimate of ~37% for the 
fractional conversion of CMS to colistin in the 
Chinese subjects [21] very likely is an over-esti-
mate of the actual fraction of each CMS dose con-
verted systemically to colistin. Indeed, in 
discussing their results, the authors suggested that 
the fractional conversion of CMS to colistin may 
increase by three to fivefold in renally impaired 
patients [21], which is clearly not possible if the 
fractional conversion in healthy subjects (i.e. with 
normal kidney function) is actually ~37%.

Across all three studies in healthy subjects 
[18, 20, 21] there were a number of similarities 
[21]. In all studies: (a) the maximum plasma con-
centration of CMS occurred at the end of the 
infusion of the prodrug while that of formed 
colistin occurred 1–3 h later; (b) the maximum 
plasma concentration of CMS was substantially 
higher than that of colistin; (c) the terminal half-
life of formed colistin was longer than that of its 
prodrug, indicating that the disposition of colistin 
was rate-limited by its own elimination; (d) the 
renal clearance of CMS (84–103  mL/min) was 
substantially greater than that of colistin (1.9–
10.5  mL/min); (e) given that colistin is ~50% 
unbound in human plasma [23] the very low renal 
clearance of colistin in all three studies was con-
sistent with extensive net renal tubular reabsorp-
tion; and, (f) the conversion of CMS to colistin in 
the body was far from complete, and the fraction 
converted was very likely over-estimated in all 
three studies.

The major difference across the three studies 
in healthy volunteers is the dose-normalized 
plasma concentration of formed colistin follow-
ing a single dose. In the studies in Japanese [20] 
and Chinese [21] subjects, the CMS dose admin-
istered was approximately 150 mg CBA, and the 
average maximum plasma colistin concentration 
was 0.69 mg/L and 2.55 mg/L, respectively, rep-
resenting ~3.7-fold difference across these two 
studies [21]. In the study conducted in France 
[18], the single dose administered was only 
33  mg CBA and the average maximum plasma 
colistin concentration was 0.83 mg/L [21]. When 
normalized to a dose of 150 mg CBA, the maxi-
mum plasma colistin concentration predicted 
from the study in France would be 
~3.8  mg/L.  Thus, across the three studies the 
range of plasma colistin concentrations 
(0.69  mg/L to ~3.8  mg/L) differs by ~5.5-fold. 
The possible reasons for the wide range of plasma 
colistin concentrations achieved from the same 
dose of CMS are: (a) brand-to-brand or batch-to-
batch variation in the composition of the CMS 
products administered; [10] (b) differing extents 
of unrecognized conversion of CMS to colistin 
during sample collection, processing and analy-
sis; [5, 6, 28] and, (c) inter-ethnic differences.
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Patients with Cystic Fibrosis  Reed et al. [29] 
were the first to report a study of the pharmacoki-
netics of ‘colistin’ in patients with cystic fibrosis 
in which an HPLC method was used for quantifi-
cation of concentrations in biological fluids. The 
report did not indicate that blood samples had 
been collected and plasma harvested and stored 
in such a way as to minimize ex vivo conversion 
of CMS to colistin [30, 31]. In addition, unfortu-
nately their analytical method involved heating at 
54 °C for 2 h during preparation of the samples 
for HPLC analysis, conditions under which a 
substantial portion of the CMS contained within 
samples would undergo conversion to colistin 
[28]. This likely accounts for the very high 
plasma concentrations of ‘colistin’ and the very 
low values of clearance and volume of distribu-
tion that they reported, relative to later studies 
[22, 32]. Thus, the pharmacokinetic parameters 
reported from the study by Reed et al. [29] may 
not be reliable. This highlights the importance of 
ensuring that sample handling procedures and 
analytical methods do not lead to in vitro conver-
sion of CMS to colistin.

Li et al. conducted a study in which the phar-
macokinetics of CMS and formed colistin were 
determined across a dosage interval at steady 
state [22]. The study subjects were 12 patients (6 
female; age 21.7 ± 6.9 years (mean ± SD); body 
weight 56 ± 9 kg) with cystic fibrosis, none of 
whom had renal impairment. According to the 
clinical protocol at the study site, patients weigh-
ing more than 50  kg received 2 million IU of 
CMS (~66  mg CBA) whereas those less than 
50 kg were administered 1 million IU (~33 mg 
CBA) intravenously every 8  h, with each dose 
infused over 15–60 min. Plasma concentrations 
of CMS and formed colistin were quantified by 
two previously validated HPLC assays [33, 34]. 
Thus, this study was the first to demonstrate the 
in vivo conversion of CMS to colistin in humans 
and report the time-course of both species in 
plasma [22]. The total body clearance, volume of 
distribution and half-life of CMS were 
2.01  ±  0.46  mL/min/kg, 340  ±  95  mL/kg and 
124 ± 52 min, respectively. Colistin had a signifi-
cantly longer mean half-life of 251 ± 79 min; the 

half-life of formed colistin was longer than that 
of CMS in each of the 12 patients. Apparent 
clearance of formed colistin was not reported in 
this study. It was noted that the protocol-driven 
dosage regimens employed resulted in plasma 
colistin concentrations across a dosage interval 
(maximum and minimum concentration ranges 
of 1.2–3.1  mg/L and 0.14–1.3  mg/L, respec-
tively) that were low based upon emerging phar-
macodynamic data at the time [35]. On that basis 
the authors suggested that dose-ranging studies 
to examine higher daily doses should be consid-
ered [22]. The dosage regimens used in this study 
(3–6 million IU per day, equivalent to ~100–
200  mg CBA per day) [22] would now be 
regarded as low for patients without renal 
impairment.

More recently, the pharmacokinetics of intra-
venously administered CMS and the colistin 
formed from it were determined in cystic fibrosis 
patients as part of a study by Yapa et al. [32] to 
elucidate the pulmonary and systemic pharmaco-
kinetics of inhaled and intravenous CMS. One of 
the study arms involved administration of a sin-
gle intravenous dose of CMS (150  mg CBA, 
equivalent to ~4.5 million IU) infused over 
45 min. The six study subjects were male patients 
with cystic fibrosis (age range 20–35 years; body 
weight 56–85  kg; creatinine clearance 103–
148 mL/min/1.73m2). The mean ± SD values for 
clearance, volume of distribution and terminal 
half-life of the administered CMS were 
5.96 ± 1.07 L/h, 16.9 ± 4.68 L and 2.66 ± 0.60 h, 
respectively. When clearance and volume of dis-
tribution are normalized for body weight they are 
in good agreement with the values reported sev-
eral years earlier by Li et al. [22], and the CMS 
half-life values reported from both studies are 
also similar. Across the 6 subjects, the plasma 
concentrations of formed colistin increased 
slowly to maxima of 0.40–0.77 mg/L within ~5 h 
after commencement of the CMS infusion. The 
time of the maximum colistin concentration was 
later than had been observed in healthy volun-
teers [18] and the previous study in patients with 
cystic fibrosis [22]; this may be the result of 
brand-to-brand variability in the complex com-
position of CMS products with impact on the rate 
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of in vivo conversion to colistin, as has been 
observed in rats [10]. In the study of Yapa et al. 
[32], the post-maximal colistin concentrations 
declined with a longer half-life than that of CMS 
in each subject (mean ± SD 7.34 ± 1.41 h). Of the 
intravenous dose of CMS, 40.0% ±  18.7% was 
recovered as CMS and colistin in urine collected 
over 24 h, with approximately half of the recov-
ered CMS dose (19.5% ± 8.79%) in the form of 
colistin. Based on evidence from other studies [7, 
18, 28], most of the colistin recovered in urine 
would have been formed within the urinary tract. 
An important finding of the study of Yapa et al. 
was that negligible concentrations of colistin 
were measured in sputum samples collected 
across the 12 h sampling period [32]. While care 
is needed in the interpretation of this finding from 
a single-dose study, it may have implications for 
the ability to achieve colistin concentrations in 
lung fluids sufficiently high to elicit an adequate 
antibacterial effect in the many hours after initia-
tion of therapy; any binding of colistin to mucin 
[36] or other components within the lung must 
also be considered. This study also investigated 
the potential targeting advantage that may be 
achieved by inhalational administration [32], and 
this will be discussed below.

In summary, the two evaluable studies in 
patients with cystic fibrosis [22, 32] revealed 
pharmacokinetics of CMS and formed colistin 
that were remarkably consistent with each other 
and also with the overall disposition profile that 
has been observed in healthy volunteers [18]. 
Notable features were: a total clearance of CMS 
similar to creatinine clearance and dominated by 
renal excretion of CMS with subsequent ongoing 
formation of colistin within the urinary tract; 
relatively slow and variable formation of colistin 
from CMS; a terminal half-life of CMS of 
approximately 2–3 h while that of formed colis-
tin was 1.5–2.5 times longer. All of these studies 
had relatively small numbers of subjects with 
quite homogeneous demographic and clinical 
presentations. Thus, while the studies provide 
essential information on the overall disposition 
profiles of CMS and formed colistin in healthy 
volunteers and patients with cystic fibrosis, they 
were not designed to explore the full spectrum of 

patient characteristics (e.g. renal function) that 
may influence the exposure to colistin from a 
given dosage regimen of CMS.

Critically-Ill Patients  Li et  al. [37] were the 
first to report plasma concentrations of CMS and 
formed colistin in a critically-ill patient. The 
patient had developed multiple organ failure and 
was receiving continuous venovenous hemodi-
afiltration. The product information for CMS 
provided no guidance on dosage selection for 
such a patient and so the patient was adminis-
tered 2.5  mg CBA (~76,000  IU) per kg every 
48 h; this regimen had been proposed in a review 
on antibiotic dosing in patients receiving contin-
uous renal replacement therapy [38], although 
there was no supporting data for the colistin regi-
men proposed. The case report of Li et al. [37] 
demonstrated that both CMS and colistin were 
cleared by the extracorporeal system and that 
plasma concentrations of colistin were substan-
tially lower than 1 mg/L (the minimum inhibitory 
concentration (MIC) of the infecting organism) 
for ~85% of the 48-h dosage interval. 
Unfortunately, the patient succumbed. This report 
highlighted the urgent need for pharmacokinetic 
information to guide dosage regimens of CMS in 
various categories of critically-ill patients.

Subsequently, Makou et  al. [39] reported 
plasma concentrations of formed colistin (CMS 
was not quantified) across a CMS dosage interval 
in 14 critically-ill patients (1 female, age range 
18–84 years; body weight 60–85 kg; creatinine 
clearance 46–200 mL/min) who were receiving 3 
million IU of CMS (~100 mg CBA) every 8 h. 
The half-life of formed colistin was 7.4 ± 1.7 h 
(mean ± SD). The maximum plasma colistin con-
centration within the dose interval ranged from 
1.15 to 5.14  mg/L (2.93  ±  1.24  mg/L) and the 
corresponding range for the minimum 
concentration was 0.35–1.70  mg/L 
(1.03 ± 0.44 mg/L); 8 of the 14 patients had mini-
mum plasma colistin concentrations less than 
1  mg/L.  A similar study was conducted by 
Imberti et al. [40] in 13 critically-ill patients (3 
female, age range 20–70 years; body weight 
55–110 kg; creatinine clearance 96–215 mL/min) 
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who were receiving 2 million IU of CMS (~66 mg 
CBA) every 8 h. Blood samples were collected 
across a dosage interval at least 2 days after com-
mencement of the regimen, and plasma was ana-
lysed for colistin concentration. The terminal 
half-life of colistin was 5.9 ± 2.6 h (mean ± SD) 
and maximum and minimum plasma colistin 
concentrations were 2.21  ±  1.08  mg/L and 
1.03  ±  0.69  mg/L, respectively. The authors of 
both reports expressed concern about the rela-
tively low plasma colistin concentrations 
achieved in their patients, all of whom had creati-
nine clearance greater than ~50 mL/min [39, 40]. 
Because of the small sample sizes in these stud-
ies, it was not possible to identify patient factors 
influencing exposure to colistin. A study of simi-
lar size (15 critically-ill patients) was reported by 
Karnik et  al. [41]. The investigators collected 
blood samples after the first dose and across a 
dosage interval on the fourth day of therapy with 
CMS.  The resultant plasma colistin concentra-
tion versus time profiles were highly unusual. 
The profiles for the two doses were very similar 
with little evidence of accumulation that has been 
observed in other studies [15, 31, 42]. The 
reported maximal plasma colistin concentrations 
were as high as 22–23 mg/L and occurred at the 
end of the 30  min infusion of CMS, while the 
median half-life of colistin after the first (2.7 h, 
range 1.1–4.6 h) and day 3–4 dose (3.3 h, 1.2–
5.4  h) [41] was very short in comparison with 
other studies in critically-ill patients [15, 31, 39, 
42]. It seems likely that these findings were the 
result at least in part of ex vivo conversion of 
CMS to colistin artificially elevating the mea-
sured plasma colistin concentrations at early time 
points after administration of a dose.

An important report by Plachouras et al. [15] 
identified a major problem that may arise if CMS 
regimens are commenced without administration 
of a loading dose. The study involved 18 
critically-ill patients (6 female, age range 40–83 
years; body weight 65–110 kg; creatinine clear-
ance 41–126  mL/min). The CMS regimens 
(either 3 million IU (~100 mg CBA) or 2 million 
IU (~66 mg CBA) every 8 h) for these patients 
were commenced without administration of a 
loading dose. The result was a very gradual 

increase in plasma concentrations of formed 
colistin over several hours after the initial dose. 
Indeed, the population estimate of the terminal 
half-life of formed colistin in the critically-ill 
patients was ~14 h; thus, in the absence of a load-
ing dose steady-state plasma concentrations of 
colistin would not be achieved before ~2 days of 
therapy. This raised concern about the possible 
negative impact on antibacterial effect in the 
early hours and days after initiation of a regimen. 
In a subsequent study from the same group [42], 
the pharmacokinetics of CMS and formed colis-
tin were evaluated following administration of a 
loading dose of 6 million IU (~200 mg CBA) in 
10 critically-ill patients (4 female, age range 
32–88 years; body weight 60–140 kg; creatinine 
clearance 25–192  mL/min). As expected, the 
plasma concentrations of formed colistin across 
the first 8 h after this loading dose were higher 
than those observed in the earlier study by this 
group [15]. However, even with a loading dose of 
6 million IU, only three of the ten patients had 
achieved a plasma colistin concentration of 
2 mg/L by 8 h. A later study by this group exam-
ined the administration of a CMS loading dose of 
9 million IU (~300 mg CBA) in 19 critically-ill 
patients (8 female, age range 18–86 years, body 
weight 50–120  kg, creatinine clearance 
29–220  mL/min) [43]. The average maximum 
plasma concentration of formed colistin after the 
loading dose was 2.65 mg/L, with a time to maxi-
mum concentration of 8  h. It should be noted, 
however, that a wide variation was observed in 
the maximum plasma colistin concentration 
(0.95–5.1 mg/L) after the loading dose of CMS.

Based on these [15, 42, 43] and other [31, 44] 
studies CMS regimens should commence with a 
loading dose [13], but even when this is done there 
is still a delay of several hours in achievement of 
plasma concentrations of colistin greater than 
2 mg/L. It is evident that the enormously complex 
chemistry of CMS [Chap. 3, 1] has the potential to 
lead to variation across brands and even across 
batches in the composition of partially methane-
sulfonated derivatives of colistin. This in turn may 
impact the rate of in vivo conversion of CMS to 
colistin, as has been observed in rats administered 
different brands of parenteral CMS [10]. The same 
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situation may apply to CMS in patients, and indeed 
may account for the wide inter-patient variability 
in the plasma concentrations of formed colistin 
observed both after a loading dose and at steady 
state [31, 43–45]. The need for a loading dose in 
critically-ill patients would be greatest under cir-
cumstances where the rate of in vivo conversion to 
colistin is slow. Unfortunately, there is no a priori 
mechanism for determining the likely rate of in 
vivo conversion among different brands and 
batches of parenteral CMS.

The three aforementioned studies reported by 
the same group [15, 42, 43], involved collection 
of plasma samples after the first dose and again 
after the fourth to eighth dose administered every 
8 h. The data from all three studies were pooled 
and subjected to population pharmacokinetic 
analysis [43]. The authors needed to invoke a dif-
ferent availability to account for the somewhat 
higher concentrations of the A and B forms of 
colistimethate and colistin measured in the third 
study. Patients with creatinine clearance >80 mL/
min had a reduced ability to achieve maximum 
plasma colistin concentrations above 2 mg/L at 
steady state despite the administration of a main-
tenance dose of 9 million IU (300 mg CBA) per 
day. Only 4 of 12 patients with creatinine clear-
ance >80  mL/min achieved maximum plasma 
concentrations of 2 mg/L at steady state, and the 
proportion of patients may have been even lower 
if an average steady-state plasma concentration 
(Css,avg) of colistin of 2  mg/L had been consid-
ered. This confirmed an earlier report which first 
indicated the difficulty of achieving such a colis-
tin concentration in patients with good renal 
function [31].

Up until the end of 2016, the largest popula-
tion pharmacokinetic study of CMS and formed 
colistin in critically-ill patients was that reported 
by Garonzik et al. [31]. The study involved 105 
patients (37 female, age range 19–92 years; body 
weight 30–106  kg) with a wide range of renal 
function. The report [31] presented an interim 
analysis while the study proceeded to eventually 
recruit 215 patients; the population pharmacoki-
netic analysis on the full cohort of patients was 
reported in 2017 [46] and the results are dis-
cussed below.

Of the 105 patients in the interim population 
pharmacokinetic analysis [31], 89 were not 
receiving renal replacement therapy (creatinine 
clearance range 3–169  mL/min/1.73  m2) while 
16 patients were recipients of such support (12 
patients receiving intermittent hemodialysis and 
4 continuous renal replacement therapy [3 con-
tinuous veno-venous hemodialysis, 1 continuous 
veno-venous hemofiltration]). The CMS dosage 
regimen for each patient was at the discretion of 
the respective treating physician (range of main-
tenance doses 75–410 mg CBA per day, equiva-
lent to ~2.3 to 12.4 million IU per day). Blood 
samples for quantification of plasma CMS and 
colistin concentrations were collected across an 
inter-dosing interval on the third or fourth day of 
the CMS regimen. The plasma CMS and colistin 
concentrations achieved varied greatly across the 
patients (Fig.  15.2); there was an approximate 
20-fold range in the Css,avg of the active antibacte-
rial colistin (0.48–9.38 mg/L). Preliminary anal-
ysis of the data suggested that, in addition to the 
daily dose of CMS, renal function was an impor-
tant contributor to the wide range of plasma 
colistin concentrations (Fig.  15.3). The data in 
this figure also indicate that in patients with cre-
atinine clearance greater than ~80  mL/
min/1.73  m2, administration of a daily dose of 
CMS at or in the vicinity of the upper limit of the 
recommended dose range (300 mg CBA (~9 mil-
lion IU) per day) [8, 13, 47] was not able to reli-
ably generate a plasma colistin Css,avg of 
2 mg/L. This concentration may be regarded as a 
reasonable target, based upon: [47] translation of 
current evidence from pharmacokinetic/pharma-
codynamic studies of colistin against 
Pseudomonas aeruginosa and Acinetobacter 
baumannii in the mouse thigh infection model; 
[23] and, as discussed in more detail below, on 
the basis of pharmacokinetic/toxicodynamic 
analyses in patients which indicate that the risk of 
nephrotoxicity substantially increases above a 
plasma colistin Css,avg of ~2–3  mg/L [48, 49]. 
Unfortunately, in patients with creatinine clear-
ance >80 mL/min it may not be possible to sim-
ply increase the daily dose of CMS to compensate 
for the low conversion to colistin because of the 
increased risk of nephrotoxicity, which is the 
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Fig. 15.2  Steady-state plasma concentration versus time 
profiles of the prodrug CMS (Panel A) and formed colistin 
(Panel B) in 105 critically-ill patients (89 not on renal 
replacement, 12 on intermittent hemodialsys and 4 on con-
tinuous renal replacement therapy) [31]. Physician-
selected CMS dosage intervals ranged from 8 to 24 h and 

hence the inter-dosing blood sampling interval spanned the 
same range. (Reproduced with permission from Garonzik 
et al. [31] Copyright © American Society for Microbiology, 
Antimicrobial Agents and Chemotherapy 55 (7):3284–
3294. doi:https://doi.org/10.1128/AAC.01733-10)

Fig. 15.3  Relationship of physician-selected daily dose 
of CMS (expressed as colistin base activity (CBA)) (Panel 
A) and the resultant steady-state plasma colistin concen-
tration (Panel B) with creatinine clearance in 105 
critically-ill patients [31]. (Reproduced with permission 

from Garonzik et al. [31] Copyright © American Society 
for Microbiology, Antimicrobial Agents and 
Chemotherapy 55 (7):3284–3294. doi:https://doi.
org/10.1128/AAC.01733-10)
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major dose-limiting adverse effect [8, 50]. It 
should be noted that studies in the mouse lung 
infection model revealed that these infections 
were more resilient than those in the mouse thigh; 
[23] accordingly a plasma colistin Css,avg of 
2 mg/L may be insufficient for such infections. 
Thus, combination therapy should be carefully 
considered in patients with relatively good renal 
function, especially if the MIC for the infecting 
organism is towards the upper end of the current 
breakpoint range and/or the patient is being 
treated for a respiratory tract infection [31, 47]. 
As discussed in Chap. 11, uncertainty still sur-
rounds the effectiveness of colistin combination 
therapy compared with colistin monotherapy.

In the study by Garonzik et al. [31], the influ-
ence of renal function on the overall disposition 
of CMS and formed colistin was demonstrated 
via population pharmacokinetic analysis (struc-
tural model with two compartments for CMS and 
one compartment for colistin). Creatinine clear-
ance was an important covariate on the total 
clearance of both CMS and colistin. It is easy to 
understand the dependence of total clearance of 
CMS on creatinine clearance because in animals 
[7] and humans [18] with good renal function, 
the prodrug CMS is mainly cleared by renal 
excretion; and only a relatively small fraction of 
a dose is converted to colistin [7, 18]. As a result, 
it is not unexpected that the total clearance of 
CMS declines with creatinine clearance. Animal 
studies involving direct administration of colistin 
have revealed that it is cleared predominantly by 
non-renal mechanisms, with only a very small 
fraction of the administered dose recovered in 
urine in unchanged form; [14] this is very similar 
to the disposition of polymyxin B in animals [17] 
and patients [16, 51]. Thus, it may seem surpris-
ing that renal function would influence the 
plasma Css,avg of formed colistin achieved from a 
given daily dose of CMS.  This relationship 
occurs because of the relatively complex overall 
disposition of CMS and formed colistin 
(Fig.  15.4, left panel). As discussed above, in 
subjects with good kidney function only a small 
fraction of each dose of CMS is converted to 
colistin. Because CMS is cleared predominantly 
by renal excretion, as renal function declines a 

progressively larger fraction of each dose of 
CMS is converted to colistin. Thus, the apparent 
clearance of colistin (i.e. the actual clearance 
divided by the fraction of the CMS dose con-
verted to colistin in a given patient) declines with 
reduction in kidney function [31]. Accordingly, 
creatinine clearance was the patient factor incor-
porated into the algorithm developed by the 
authors to calculate the CMS daily maintenance 
dose needed to generate a desired target plasma 
concentration of formed colistin in a patient not 
receiving renal replacement therapy. It should be 
noted, however, that at a given creatinine clear-
ance there was a very large degree of inter-patient 
variability (up to ~tenfold) in the apparent clear-
ance of colistin and consequently in the CMS 
dosage requirements to achieve a desired steady-
state plasma colistin concentration, reflected by 
the data in Fig.  15.3. The variability probably 
arises because of the complexity of the chemical 
composition, and the inefficiency, of CMS as a 
prodrug (i.e. substantially less than 100% conver-
sion in vivo). These factors impact the fractional 
conversion to colistin at a given creatinine clear-
ance [1]. This is consistent with a study in rats 
which demonstrated that the time-course of 
plasma concentration of formed colistin varied 
across four different brands of parenteral CMS 
[10]. The inter-patient variability in the plasma 
colistin concentration achieved at a given creati-
nine clearance and daily dose of CMS compli-
cates the use of CMS, particularly since colistin 
has a low therapeutic index [1].

Of the 89 patients not on renal replacement in 
the above-mentioned report [31], all but two had 
been prescribed a CMS maintenance dose of 
300 mg CBA (~9 million IU) per day or less, and 
48% had a rise in serum creatinine of >50% from 
baseline; this is in keeping with nephrotoxicity 
rates of up to ~60% in other studies [50, 52–55]. 
In population pharmacokinetic/toxicodynamic 
analyses based upon 153 patients not receiving 
renal replacement at the start of CMS therapy 
(from the full cohort of 215 patients mentioned 
above), the time-course of changes in renal func-
tion after commencing CMS have been examined 
throughout the entire course of treatment [49]. 
Possible relationships with a range of factors, 
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including pharmacokinetic exposure to CMS and 
colistin have been sought. As a component of 
these analyses, risk factors for a colistin-
associated decline in kidney function have been 
identified. A creatinine clearance >80  mL/min 
and a plasma colistin Css,avg > 1.9–2.3 mg/L were 
identified as independent risk factors; the pres-
ence of both factors was at least additive [49]. In 
a study involving 102 patients receiving CMS, 
the pre-dose plasma colistin concentration on day 
3 of CMS therapy was a predictor of acute kidney 
injury on day 7 and at end of treatment (the only 
two time-points considered). When the plasma 
colistin concentration on day 3 was evaluated as 
a categorical variable, the breakpoints that better 
predicted acute kidney injury were 3.33 mg/L on 
day 7 and 2.42 mg/L at end of treatment [48]. The 
end-of-treatment breakpoint of 2.42  mg/L was 
subsequently validated in a small study [56].

Sixteen of the critically-ill patients in the 
report of Garonzik et al. [31] were recipients of 
renal support at the time of initiating the CMS 
regimen (12 intermittent hemodialysis and 4 con-
tinuous renal replacement). The results from 
these patients revealed the substantial impact of 

these modalities on the plasma colistin concen-
tration achieved from a given daily dose of CMS 
[31], in accord with other reports [37, 57–67]. 
The reason why renal replacement has such a 
large impact is easily understood when one con-
siders that the rate of extracorporeal removal of a 
drug (or prodrug) is equal to the product of the 
intrinsic dialysis clearance (this is determined by 
the physicochemical properties of the drug (or 
prodrug) and the membrane) and the plasma con-
centration of the compound being delivered to 
the extracorporeal circuit. Not surprisingly given 
the similar molecular size of CMS and colistin, 
the intrinsic dialysis clearances of the two are of 
similar magnitude [37, 60, 63, 66]. However, the 
plasma concentration of CMS is substantially 
higher than that of colistin for a significant por-
tion of a dosage interval (Fig. 15.2). Thus, much 
of the CMS/colistin that is removed by these 
renal replacement modalities is in the form of the 
prodrug, before it has had an opportunity to be 
converted in vivo to the active form, colistin. An 
additional reason for the impact of renal 
replacement relates to the respective handling of 
formed colistin in a functioning kidney versus 

Fig. 15.4  Overview of the pharmacokinetic pathways for 
colistin methanesulfonate (CMS) and colistin (left panel) 
and polymyxin B (right panel). The thickness of the 
arrows indicates the relative magnitude of the respective 
clearance pathways when kidney function is normal. CMS 
includes fully and all partially methanesulfonated deriva-
tives of colistin. After administration of CMS, extensive 

renal excretion of the prodrug occurs with some of the 
excreted CMS converting to colistin within the urinary 
tract. In addition to renal clearance of CMS and conver-
sion to colistin, one or more ‘other clearance’ pathways 
must exist for the prodrug, although the mechanisms 
involved are not known [1]. (Reproduced with permission 
from Nation et al. [1])
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that occurring in a renal replacement cartridge. In 
the kidney, an extremely large fraction of colistin 
filtered at glomeruli undergoes carrier-mediated 
tubular reabsorption [14], whereas in an extracor-
poreal cartridge no such reabsorprtion mecha-
nism is in operation for colistin that diffuses into 
dialysate. The clinical implication is that dosage 
regimens for such patients must be carefully tai-
lored to the circumstances. By way of population 
pharmacokinetic modeling, Garonzik et al. [31] 
proposed daily doses of CMS to achieve a target 
plasma colistin concentration in patients receiv-
ing intermittent hemodialysis. The dosage regi-
men algorithm included administration of a 
supplemental dose of CMS at the completion of 
dialysis to replace CMS and colistin lost during 
the session. These authors also provided an algo-
rithm for the daily dose of CMS to achieve a 
desired plasma colistin concentration in patients 
receiving continuous renal replacement therapy 
[31]. In contrast to the efficient extracorporeal 
clearance of CMS and colistin via intermittent 
hemodialysis and continuous renal replacement 
[31], continuous ambulatory peritoneal dialysis 
has been reported to contribute little to the overall 
clearance of CMS and colistin; consequently it 
has been suggested that daily doses of CMS 
should not be increased to accommodate any 
drug loss via this renal support modality [68].

Following on from the interim analysis and 
dosage suggestions reported by Garonzik et  al. 
[31], the results of the population pharmacoki-
netic analysis on the complete cohort of patients 
have been recently reported [46]. That analysis 
included data from a total of 215 patients, 29 of 
whom were receiving renal replacement therapy 
on the pharmacokinetic study day. Briefly, the 
characteristics for the 214 patients whose data 
were fully evaluable were: age range 19–101 
years; body weight 30–122 kg; Appache II score 
4–43; creatinine clearance 0–236  mL/min; 29 
were receiving renal replacement therapy (16 
intermittent hemodialysis, 4 sustained low-
efficiency dialysis, 9 continuous renal replace-
ment therapy)). Protein binding was conducted 
on plasma collected from 66 of the critically-ill 
patients in the study by Garonzik et al. and Nation 
et  al. [31, 46]. The median and mean unbound 

fraction in plasma was approximately 0.5. The 
population pharmacokinetic analysis on the full 
cohort [46] confirmed the finding from Garonzik 
et al. [31] that the apparent clearance of formed 
colistin was related to the renal function of the 
patient. The impact of that relationship is shown 
in Fig. 15.5 which portrays the daily dose of CBA 
needed to achieve each 1 mg/L of plasma colistin 
Css,avg. The extensive inter-individual variability 
that had been observed by Garonzik et al. [31] is 
clearly evident in both panels of Fig. 15.5. The 
relationship in the right-hand panel of Fig. 15.5 
formed the basis of a renal function-based algo-
rithm to determine the daily dose needed to 
achieve a desired plasma colistin Css,avg. In devel-
oping the algorithm, the investigators needed to 
minimize the proportion of patients who would 
be likely to achieve plasma colistin concentra-
tions that may increase the risk of colistin-
associated nephrotoxicity [46]. Also reported 
from the population pharmacokinetic analysis 
were suggested daily doses for patients receiving 
renal replacement therapy; those suggestions 
included the need for any supplemental dosing 
after intermittent forms of dialysis and the timing 
of CMS dosing relative to the dialysis session 
[46]. All of the daily dose suggestions updated 
those that had been reported by Garonzik et al. 
[31] The ability of the updated daily dose sugges-
tions to achieve a target plasma colistin 
Css,avg ≥ 2 mg/L were evaluated for various creati-
nine clearance clusters, for patients not in receipt 
of renal support. A plasma colistin Css,avg of 
2  mg/L was chosen for the reasons discussed 
above and also because the MIC of the infecting 
pathogen may not be known at the time CMS 
treatment is initiated. While it was possible to 
achieve target attainment rates for a plasma colis-
tin Css,avg of ≥2 mg/L in 80–90% of patients with 
creatinine clearance <80 mL/min, the attainment 
rate was only ~40% in patients with higher cre-
atinine clearance. This highlighted the potential 
importance of considering active combination 
therapy, especially in patients with good renal 
function. Target attainment rates for a plasma 
colistin Css,avg of ≥2 mg/L with the proposed daily 
dose suggestions for patients receiving renal sup-
port were 85–89% [46].
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In summary, the study by Garonzik et al. [31] 
and Nation et al. [46] lead to the proposing of the 
first scientifically-based dosage regimens for var-
ious categories of critically-ill patients. The 
authors reported an algorithm for determination 
of a loading dose of CMS, based upon body 
weight being a covariate on the volume of the 
central compartment of CMS. Others have ques-
tioned whether it may be more appropriate to use 
a non-weight based loading dose [69]. Following 
on from the work of Garonzik et al. [31], Nation 
et al. [46] proposed daily maintenance doses of 
CMS for patients receiving or not receiving renal 
support.

Results from the final population pharmacoki-
netic analysis on the data from 162 patients not in 
receipt of renal replacement therapy have been 
used to evaluate the recently updated daily dose 
guidelines approved by the European Medicines 
Agency (EMA) [13] and the US Food and Drug 
Administration (FDA) [70], as reported [47]. The 
EMA-approved daily doses had greatly superior 
attainment rates for plasma colistin Css,avg ≥ 0.5, 
≥1, ≥2 and ≥ 4 mg/L than did the dose sugges-
tions approved by the FDA [47]. The EMA-
approved dosing suggestions had been informed 
by a thorough review of recent pharmacological 
data [19], especially key studies discussed above 

[31, 42], while those approved by the FDA had 
not.

Little is known about the pharmacokinetics of 
CMS and colistin in pediatric patients. An inves-
tigation involving three patients aged 1.5 months 
(this patient was also studied during two other 
courses of CMS at 2.5 and 5.5 months of age), 
5.5  years and 14  years (1 female; body weight 
range 6.2–40  kg) has been reported [71]. The 
CMS dosage regimens across the five courses 
were 0.06, 0.13, 0.2, 0.2 and 0.225 million IU/kg/
day, corresponding to ~2.0, 4.3, 6.6, 6.6 and 
7.4  mg/kg/day of CBA.  The daily dose was 
divided and administered as 20-min infusions at 
8  h intervals. After administration of at least 4 
doses, blood samples were collected immediately 
before and 30 min after the end of a CMS infu-
sion; cerebrospinal fluid samples were collected 
concomitantly (results discussed in the following 
paragraph). The authors noted that despite the 
CMS daily doses being in the range of those cur-
rently recommended and even higher, the serum 
colistin concentrations were greater than 2 mg/L 
in only the 14-year old patient (mean pre-dose 
and post-dose concentrations in this patient of 
2.29 and 2.20  mg/L). Consequently, a key 
observation from this study was that CMS daily 
doses higher than previously recommended may 

Fig. 15.5  Relationship between the dose of colistin base 
activity (CBA) per day needed for each 1 mg/L of plasma 
colistin Css,avg and creatinine clearance. Panels A and B 

show the relationship in linear-linear and log-linear forms, 
respectively. (Reproduced with permission from Nation 
et al. [46])
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be needed for pediatric patients to treat blood-
stream infections caused by Gram-negative bac-
teria, especially if the causative organism exhibits 
borderline susceptibility to colistin [71]. The 
observation of the likely need for higher than tra-
ditionally used body-weight-based doses of CMS 
in neonates and in children is supported by results 
of other studies [72, 73]. Unfortunately, plasma 
colistin concentrations reported from another 
study as occurring in seven pediatric patients [74] 
were almost certainly spuriously high measure-
ments due to ongoing conversion of CMS to 
colistin after samples were collected [75, 76]. 
Clearly, substantially more reliable information 
on the pharmacokinetics of colistin in pediatric 
patients is required to guide therapy.

There are very sparse data on the distribution 
of colistin into extravascular sites where infec-
tion may exist. The available data suggest that 
following intravenous administration of CMS, 
the concentrations of colistin in cerebrospinal 
fluid (CSF) [71, 77, 78] are only ~5% of concur-
rent plasma concentrations; very limited data 
from the study in pediatric patients discussed 
above suggest increased penetration in the pres-
ence of meningitis [71]. Similarly, the available 
data indicate that following intravenous adminis-
tration of CMS, only relatively low concentra-
tions of colistin are achieved in sputum of patients 
with cystic fibrosis [32] and in bronchoalveolar 
lavage (BAL) fluid from critically-ill patients 
[40, 79]. Care is required when interpreting the 
BAL concentrations from one of the latter studies 
[40] because the limit of quantification of the 
assay (0.05  mg/L) was for the analysed matrix 
(BAL) and there was ~100-fold dilution of the 
epithelial lining fluid (ELF) in performing the 
lavage procedure. Microdialysis studies in pigs 
have revealed ELF concentrations of colistin sub-
stantially lower than concomitant unbound con-
centrations in plasma [80]. Binding of colistin to 
mucin (and/or other components) in the airways 
must be considered as this may serve to decrease 
antibacterial activity [36]. As noted above, mouse 
lung infections were shown to be substantially 
more difficult to treat with colistin administered 
systemically than were thigh infections in the 
same species [23]. Thus, direct administration to 

these sites may be advantageous. 
Pharmacokinetics following intrathecal/intraven-
tricular and inhalation administration of CMS are 
discussed below.

Burn Patients  Severely burned patients are very 
vulnerable to nosocomial infections with Gram-
negative bacteria. Because burn injury can lead to 
many changes in physiological status, including 
blood flows, fluid distribution and glomerular fil-
tration rate [81], it is important to understand the 
impact of such changes on the disposition of anti-
biotics. Lee et  al. conducted a population phar-
macokinetic study in 50 patients who had burns 
to 4–85% (mean  ±  SD; 50.5  ±  21.8%) of total 
body surface area [82]. The patients (11 female; 
age range 26–80 years; body weight 50–98 kg; 
creatinine clearance 23–309  mL/min, with 17 
patients receiving continuous renal replacement 
therapy of unspecified type; 18 patients with 
edema) were administered 150 mg of CBA (~4.5 
million IU) infused over 30  min every 12  h. 
Blood samples were collected before and across 
the 8 h following a CMS infusion, at least 3 days 
after the first dose of CMS. The plasma concen-
tration versus time data for colistin (CMS was 
not quantified) were subjected to population 
pharmacokinetic analysis. The structural model 
involved one compartment for colistin; in the 
absence of plasma concentrations for the pro-
drug, a single compartment was assumed for 
CMS.  The terminal half-life of colistin for the 
typical burn patient was 6.6 h, which is somewhat 
shorter than that observed in critically-ill patients 
[15, 31]. The identified covariates in the final 
model for burn patients were the presence of 
edema and, as in the study by Garonzik et al. in 
critically-ill patients [31], creatinine clearance. It 
was estimated that the fractional conversion of 
CMS to colistin in an anephric burn patient was 
approximately five times greater than in a patient 
with a creatinine clearance of ~120 mL/min, con-
sistent with expectations (Fig.  15.4, left panel). 
The final population pharmacokinetic model was 
used in simulations for 1000 virtual burn patients 
to estimate steady-state values for the area under 
the plasma colistin concentration-time curve 
across a day at steady state for a dosage regimen 

15  Clinical Pharmacokinetics, Pharmacodynamics and Toxicodynamics of Polymyxins



234

of 150 mg CBA as a 30-min infusion every 12 h. 
Based upon the results of the simulation pre-
sented graphically in Figure 5 of the paper [82], 
this dosage regimen would achieve a plasma 
colistin Css,avg in a typical burn patient with a cre-
atinine clearance <70 mL/min of ~1.5 mg/L and 
only ~1 mg/L in a patient with a creatinine clear-
ance of ≥70 mL/min. The authors suggested that 
these relatively low concentrations may prompt 
the need to consider escalating doses above the 
currently approved dose that was used in this 
study. That patients with burns may require 
higher doses of CMS was supported by a recent 
brief report describing data from eight patients 
(median (IQR) age, weight, body mass index and 
serum creatinine concentration were 62 years 
(49–69 years), 69  kg (65–75  kg), 23.5  kg/m2 
(21.8–26.4  kg/m2) and 0.75  mg/dL (0.68–
1.36  mg/dL)) [83]. The patients received a 
median CMS dose of 2.25 million IU (2.00–3.00 
million IU) (median ~74  mg CBA (IQR ~66–
100 mg CBA)) every 12 h, but the plasma colistin 
concentrations were below the limit of quantifi-
cation of the assay (~0.1–0.2 mg/L). The possible 
need for high doses in burn patients was exempli-
fied in a case report describing a patient with 
burns who required a daily dose substantially 
higher than the currently approved dose range 
[84]. It is to be expected that renal function would 
be an important determinant of CMS dose 
requirements and that patients with augmented 
renal function in particular would be candidates 
for high doses. Data from two burn patients dur-
ing continuous venovenous hemofiltration sug-
gested efficient extracorporeal clearance of 
colistin [85], similar to findings in critically-ill 
patients as discussed above. However, it appears 
that CMS, rather than colistin (sulfate), was used 
to establish the calibration curve for colistin in 
this study.

Future investigations in burn patients should 
aim to provide additional information, including 
relationships of bacteriological and clinical out-
comes and of nephrotoxicity with plasma colistin 
concentrations.

15.1.2	 �Direct Administration 
to the Lungs and Central 
Nervous System

One of the most common reasons for administra-
tion of CMS/colistin is the treatment of pulmo-
nary infections such as ventilator-associated 
pneumonia in an intensive care setting. While the 
need to treat Gram-negative infections within the 
central nervous system (CNS) is less common, 
the critical and sensitive nature of this site poses 
special challenges. The common goal in treating 
these infections is the delivery of adequate colis-
tin concentrations to the respective infection site, 
without exposing that site or systemic regions 
(e.g. kidneys) to concentrations likely to cause 
toxicity. As noted above, it is evident from the 
data available that intravenous administration of 
CMS results in relatively low colistin concentra-
tions in CSF and pulmonary fluids. In contrast, 
direct administration to these sites leads to a very 
substantial targeting advantage, with signifi-
cantly higher concentrations of colistin in the 
region to which CMS is delivered relative to the 
colistin concentrations reaching the systemic 
circulation.

A pulmonary targeting advantage has been 
demonstrated in six cystic fibrosis patients where 
relative sputum versus plasma exposures (area 
under the respective colistin concentration – time 
curve) were determined after intravenous and 
nebulization administration of CMS on different 
occasions [32]. The systemic availability of CMS 
was low (<10%) following nebulization of 2 and 
4 million IU (~66  mg and 130  mg of CBA, 
respectively) and the plasma colistin concentra-
tions were below the limit of quantification of the 
assay (0.125  mg/L). It was not possible in the 
study to perform bronchoalvealoar lavage and it 
remains to be determined whether the findings 
for sputum are representative of those for ELF. In 
this context, the relative concentrations of colis-
tin in ELF and serum have been determined after 
inhalation of CMS (1 million IU (~33 mg CBA) 
every 8 h) in 20 mechanically ventilated critically-
ill patients [86]. Median (25–75% interquartile 
range) colistin concentrations in ELF were 6.7 
(4.8–10.1) mg/L, 3.9 (2.5–6.0) mg/L and 2.0 
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(1.0–3.8) mg/L at 1, 4 and 8 h post-nebulization, 
respectively. These concentrations were ~five-
fold higher than those achieved concurrently in 
serum. The relative concentrations in the two bio-
logical fluids were not determined after intrave-
nous administration and therefore it is not 
possible from this study to determine the target-
ing advantage of inhalational delivery. A recent 
study in adult critically-ill patients has demon-
strated the ability of nebulized CMS to achieve 
concentrations of colistin in ELF much higher 
than concomitant concentrations in plasma, and 
substantially higher than the ELF colistin con-
centrations achieved with intravenous adminis-
tration of CMS [79]. Similarly, a brief report has 
described six ventilated neonates (median gesta-
tional age 39 weeks (range, 32–39 weeks)) with 
ventilator-associated pneumonia who received a 
single dose of nebulized CMS (not clear if the 
dose was 120,000  IU/kg or 120,000  IU) [87]. 
Tracheal aspirate concentrations of colistin were 
very much higher than those in plasma. The 
results from these studies in cystic fibrosis [32] 
and critically-ill [79, 86–88] patients, and in a 
large animal model [89], suggest that inhalational 
delivery of CMS (perhaps together with intrave-
nous administration) may be advantageous for 
the treatment of lung infections. This would be 
expected to allow attainment of higher colistin 
concentrations in lung fluid/tissue and at the 
same time lower systemic exposure to spare the 
kidneys. Recent clinical studies and systematic 
reviews and meta analyses reported in Chap. 11 
and elsewhere [90–96] are suggestive of a benefi-
cial effect of nebulized CMS either together with 
intravenous CMS or alone (including non-
inferiority to intravenous CMS but with lower 
incidence of nephrotoxicity). A recent report of a 
relatively small retrospective clinical study sug-
gested lack of benefit of inhaled CMS added to 
intravenous CMS versus intravenous CMS, 
although the study may have been confounded by 
a very high proportion of patients in both groups 
who were co-administered at least one other anti-
biotic [97]. Larger well-controlled studies are 
required.

Assuming no or negligible publication bias, 
there is a growing body of evidence that intrathe-

cal or intraventricular administration of CMS 
(often in combination with intravenous therapy) 
is a generally safe and effective treatment for 
CNS infections (ventriculitis/meningitis) caused 
by Gram-negative bacteria [98–104]. From a rel-
atively low dose of CMS administered via these 
routes, it is possible to achieve CSF colistin con-
centrations substantially higher than can be 
achieved by intravenous administration of a very 
much larger dose [71, 77, 78]. Interestingly, there 
is little information on the plasma colistin con-
centrations achieved from the relatively low 
doses of CMS administered by the intrathecal or 
intraventricular routes, but it would be expected 
that the systemic exposure would be low. It is not 
surprising that colistin-associated nephrotoxicity 
is an extremely rare occurrence with intrathecal 
or intraventricular administration [98, 100]. 
Importantly, administration of CMS via these 
routes gives rise to concentrations of colistin in 
CSF that could never be safely achieved with 
intravenous administration alone.

15.2	 �Polymyxin B

At the outset, it is important to recognize that 
there has been only one report of a pharmacoki-
netic/pharmacodynamic study on systemically 
administered polymyxin B (against Klebsiella 
pneumoniae) in an animal infection model [105], 
and there has not been a prospective pharmacoki-
netic/toxicodynamic study in patients to identify 
the association between plasma polymyxin B 
concentration and risk of nephrotoxicity. 
However, recently Lakota et al. proposed a tenta-
tive plasma polymyxin B concentration range of 
2–4 mg/L [106] based upon animal pharmacoki-
netic/pharmacodynamic data for colistin against 
P. aeruginosa and A. baumannii [23] and poly-
myxin B against K. pneumoniae [105] to define 
the lower end of the range, and a pharmacoki-
netic/toxicodynamic meta-analysis of retrospec-
tive nephrotoxicity data gleaned from the 
literature to define the upper end of the range 
[106].

Studies on the disposition of intravenously 
administered polymyxin B in healthy humans 
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with analysis of concentrations in plasma by 
chromatographic methods have not been per-
formed. There is also a lack of information on 
pharmacokinetics of polymyxin B after adminis-
tration to patients via routes other than intrave-
nous (e.g. inhalation, intrathecal, intraventricular). 
Thus, the focus of the review below will be the 
pharmacokinetics of polymyxin B following 
intravenous administration in patients, most of 
whom were critically ill. The review will only 
include studies in which investigators used chro-
matographic methods for the analysis of drug 
concentration in biological fluids.

15.2.1	 �Intravenous Administration

The first reports on the disposition of polymyxin 
B in the modern era were in 2008 [16, 107]. The 
study by Kwa et al. [107] was conducted in nine 
adult patients (one female; age range 16–70 
years; body weight 46–80 kg), all of whom were 
described as being among the general patient 
population and having normal renal function; 
patients with cystic fibrosis were excluded. The 
dosage regimens were at the discretion of the 
attending physicians and ranged from 0.75 to 2 
million units (~75–200 mg of polymyxin B base) 
per day; each dose was infused over 2–6 h. Sparse 
blood sampling was performed (19 samples from 
the 9 patients) and serum was analysed for the 
concentration of one of the components (poly-
myxin B1) of the material administered. The 
resulting data were subjected to population phar-
macokinetic analysis (one-compartment struc-
tural model) that yielded a typical half-life and 
clearance of 13.1 h and 2.2 L/h, respectively. The 
latter value may have over-estimated the clear-
ance because only polymyxin B1 was 
quantified.

Zavascki et  al. [16] studied the pharmacoki-
netics of polymyxin B in eight critically-ill 
patients (four female; age range 42–86 years; 
body weight 50–80 kg; creatinine clearance <10 
to 246 mL/min). The physician-selected dosage 
regimens of polymyxin B ranged from 0.5 mg/kg 
(~5000  units/kg) every 48  h to 1.25  mg/kg 
(~12,500 units/kg) every 12 h. At the time, it was 

the practice at the clinical site to use lower daily 
doses in patients with poorer kidney function; 
three patients with the lowest creatinine clear-
ances (<10, <10 and 26  mL/min) were dosed 
every 48 h and the remainder were dosed every 
12  h. Each dose was infused over 60  min, and 
after at least 2 days of therapy seven blood sam-
ples were collected from each patient across a 
dosage interval including samples at the end of 
the 1-h infusion and at 0.5, 1 and 2 h thereafter. 
The two patients with creatinine clearance 
<10 mL/min were receiving intermittent hemodi-
alysis; they were studied on a non-dialysis day. 
Importantly, for four patients it was possible to 
quantitatively collect urine over the dosage inter-
val. The samples of plasma and urine were anal-
ysed for the concentration of polymyxin B with 
the resultant data subjected to non-compartmental 
pharmacokinetic analysis. Peak plasma concen-
tration at the end of the short-term infusion 
ranged from 2.38 to 13.9 mg/L. There were sev-
eral key findings from the pharmacokinetic anal-
ysis. First, after the infusion ceased the plasma 
polymyxin B concentrations declined in a multi-
exponential manner indicating that more than 
one pharmacokinetic compartment was involved 
in the disposition of polymyxin B. Second, not-
withstanding the diverse renal functions in the 
patients, there was remarkably little inter-
individual variability in the total body clearance 
(range, 0.27–0.81  mL/min/kg) and volume of 
distribution (71–194  mL/kg) of polymyxin 
B.  Third, urinary recovery of unchanged drug 
was extremely low, with each of the 4 patients for 
whom data were available excreting <1% of the 
administered dose in urine. The same very low 
urinary recovery (<1%) has been observed in rats 
for polymyxin B [17] and colistin [14], each after 
administration of the respective sulfate salt. 
Fourth, consideration of the relative magnitudes 
of the calculated glomerular filtration clearance 
of polymyxin B and the ultimate overall renal 
clearance indicated that very extensive renal 
tubular reabsorption must have been occurring in 
the patients. Again, a similar conclusion was 
reached for the renal handling of colistin in rats 
[14]. Fifth, and arguably most important from a 
clinical pharmacokinetic perspective, even 
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though the renal clearance of polymyxin B varied 
~12-fold among patients, consistent with the 
wide range of creatinine clearance values, there 
was very little variability (~threefold range) in 
the total body clearance of polymyxin B.  This 
arose because renal clearance was only a very 
small component (<1%) of the total body clear-
ance. The study by Zavascki et al. [16] was the 
first to imply that dose adjustment based upon 
renal function (as may be appropriate for CMS) 
may not be required for polymyxin B, a proposi-
tion supported by the pharmacokinetic data from 
a single case report 3 years later involving a 
patient with renal insufficiency [108].

Subsequently, Sandri and coworkers reported 
on a larger study on the pharmacokinetics of 
polymyxin B in critically-ill patients [51]. That 
study involved 24 patients, including 2 receiving 
continuous venovenous hemodialysis (CVVHD) 
for whom greater detail was reported separately 
[109]. The 24 patients were typical of the inten-
sive care setting (11 female; age range 21–87 
years; total body weight 41–250  kg; lean body 
weight 29–99 kg; creatinine clearance in the 22 
non-CVVHD patients 10–143  mL/min). One 
patient was extremely obese (250  kg); the next 
heaviest patient was 110  kg. The study design 
was similar to that described in the earlier report 
from the same group as discussed above [16]; in 
the study of Sandri et  al. eight blood samples 
were collected across the dosage interval from 
each patient, with even more intensive sampling 

shortly after the end of the polymyxin B infusion 
[51]. The plasma polymyxin B concentration  – 
time profiles resulting from the physician-
selected dosage regimens are shown in Fig. 15.6. 
These data were well described in a population 
pharmacokinetic analysis (two-compartment 
structural model). The concentration-time pro-
files from all patients (i.e. on and not on renal 
replacement therapy) were successfully described 
simultaneously with one set of population phar-
macokinetic parameter estimates because only a 
small amount was removed by CVVHD (12.2% 
and 5.62% for the two patients). The apparent 
small effect of extracorporeal clearance on total 
body clearance and hence dosage requirements 
of polymyxin B contrasts with the situation for 
CMS/colistin [31, 37, 57, 59, 62]. This difference 
may be explained by the fact that in the latter case 
a substantial amount of the CMS/colistin removed 
by the cartridge is in the form of the prodrug 
which circulates in plasma at concentrations that 
are generally higher than those of colistin across 
the early stage of a dosage interval. Sandri et al., 
the authors of the population pharmacokinetic 
study on polymyxin B, reported that the median 
unbound fraction in plasma was 0.42 [51]. 
Urinary excretion data for polymyxin B were 
available for 17 non-CVVHD patients. The 
median percentage of the polymyxin B dose 
excreted in urine was 4.04% (range 0.98–17.4%). 
Thus, renal clearance was only a very small com-
ponent of the total body clearance. While renal 

Fig. 15.6  Plasma 
concentration – time 
profiles of polymyxin B 
in 24 critically-ill 
patients. Concentrations 
from the two patients 
receiving continuous 
venovenous 
hemodialysis [109] are 
shown by filled symbols 
[51]. (Reproduced with 
permission from Sandri 
et al. [51])

15  Clinical Pharmacokinetics, Pharmacodynamics and Toxicodynamics of Polymyxins



238

clearance of polymyxin B is a minor elimination 
pathway, it is important to understand the renal 
handling mechanisms because of the very high 
probability of a link with the propensity to cause 
nephrotoxicity. Application of physiological con-
cepts to the polymyxin B renal clearance data 
revealed extensive renal tubular reabsorption 
[51], consistent with previous findings for poly-
myxin B in critically-ill patients [16].

In the study reported by Sandri and cowork-
ers, the population estimate of polymyxin B 
clearance not adjusted for body weight was 
1.87  L/h and that scaled by body weight was 
0.0276 L/h/kg [51]. In view of the minor contri-
bution of renal clearance to total clearance, it was 
not surprising that the population pharmacoki-
netic analysis did not identify creatinine clear-
ance as a covariate of the total body clearance of 
polymyxin B (Fig.  15.7). The use of unscaled 
(i.e. absolute) clearance (left panel of the figure) 
resulted in the obese patient being an outlier. In 
the population pharmacokinetic analysis, linear 
scaling of polymyxin B clearance by total body 
weight reduced the unexplained between subject 
variability. Allometric scaling of polymyxin B 
clearance by total body weight, and linear and 
allometric scaling by lean body weight were also 
considered, but they resulted in only marginal 
improvement. To simplify application in the 

clinic, the results from the model with linear scal-
ing by total body weight were adopted. After lin-
ear scaling of clearance by total body weight, the 
parameter estimates for the two patients receiv-
ing CVVHD, including the patient with 250-kg 
total body weight, were within the range of esti-
mates from the other patients (Fig.  15.7, right 
panel). It is evident that neither the unscaled nor 
the scaled polymyxin B clearance values were 
related to creatinine clearance. Notwithstanding 
the very wide range of total body weights and 
creatinine clearance values there was only 
approximately threefold variation in the total 
body weight scaled clearance values of poly-
myxin B (Fig. 15.7, right panel). Accordingly, the 
population pharmacokinetic model yielded a 
between subject variability in clearance (coeffi-
cient of variation 32.4%) that was remarkably 
low in this diverse group of critically-ill patients 
[51]. The authors went on to perform Monte 
Carlo simulations for a number of clinically rel-
evant dosage regimens scaled by total body 
weight.

In 2017, Thamlikitkul et al. reported pharma-
cokinetic data on polymyxin B in 19 patients 
(creatinine clearance range 15–110  mL/min) 
[110]. At least 48 h after initiating polymyxin B, 
four blood samples were collected across a dos-
age interval. The resulting plasma 

Fig. 15.7  Individual polymyxin B clearance estimates 
versus creatinine clearance. Polymyxin B clearance was 
either unscaled (L/h, left panel) or scaled by total body 
weight (L/h/kg, right panel). Open circles represent 
patients not receiving continuous venovenous hemodialy-

sis (CVVHD), the filled diamond represents the CVVHD 
patient who weighed 250  kg, and the filled triangle the 
lean CVVHD patient [51]. (Reproduced with permission 
from Sandri et al. [51])
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concentration-time data were subjected to two 
forms of analysis: a standard two-stage approach 
which involved a one-compartment model being 
used to describe the data; and a maximum a pos-
teriori Bayesian approach (which used the results 
of Sandri et al. [51] as Bayes priors) resulting in 
a two-compartment model providing the best fit 
to the data. The primary subsequent analysis 
involved comparison of the dose-normalized 
plasma exposure to polymyxin B in 5 patients 
with creatinine clearance ≥80 mL/min with that 
of the 14 patients with creatinine clearance 
<80 mL/min; there was no difference in exposure 
(P > 0.4) [110], consistent with results reported 
previously [16, 51, 108].

In a paper published in 2018 Manchandani 
et  al. reported a population pharmacokinetic 
study in 35 patients (12 female; age range 25–89 
years; body weight 36–112 kg; creatinine clear-
ance 15–175 mL/min) [111]. Each polymyxin B 
dose was infused over 1–3 h, and four blood sam-
ples were collected over one dosage interval at 
steady state (prior to the dose, at 1–2 h and 8–12 h 
after the end of the infusion, and prior to the next 
dose). Population pharmacokinetic analysis was 
conducted and a one-compartment model was 
chosen as the best-fit model. The population esti-
mate of polymyxin B clearance was 2.5  L/h, a 
value similar to those reported from earlier stud-
ies [16, 51, 107, 110], and the inter-patient vari-
ability was similar to that reported by Sandri 
et al. [51]. In the study reported by Manchandani 
and coworkers, aside from one patient who pre-
sented as an outlier, the polymyxin B clearance 
estimates for the remaining 34 patients were 
within an approximate four to fivefold range 
across the creatinine clearance spectrum repre-
sented in this patient population. While creati-
nine clearance was found to be a statistically 
significant covariate of polymyxin B clearance, 
the magnitude was regarded as clinically insig-
nificant [111]. Volume of distribution of poly-
myxin B was poorly predicted by actual body 
weight, but given the small number of samples 
collected from each patient, the timing of the 
samples and the resultant application of a one-
compartment model it is possible that the volume 
estimates were subject to bias.

Kubin et al. [112] and Miglis et al. [113] pub-
lished companion papers in 2018 reporting the 
population pharmacokinetics of polymyxin B in 
patients, other than those with cystic fibrosis. 
Both studies involved sparse blood sample col-
lection (samples collected primarily for therapeu-
tic drug monitoring (TDM)) with an average of 
three blood samples per patient. The study by 
Kubin and coworkers included 43 patients while 
that of Miglis et al. included data for 52 patients, 
but 43 of those patients were from the study of 
Kubin et al. (i.e. 83% of the patients reported in 
the second study were also included in the first 
study). Interestingly, even though the data from 
the 43 patients in the study of Kubin et al. were 
used to develop the base model described in 
Miglis et al., the former study found that a one-
compartment model satisfactorily described the 
data while a two-compartment model proved 
superior in the study by Miglis et al. [112, 113]. 
A finding in common across both reports was that 
actual body weight was not a covariate of poly-
myxin B clearance; the commonality of findings 
is not surprising given the very large degree of 
overlap in the patient populations across the two 
studies. The mean population estimates of poly-
myxin B clearance reported by Kubin et  al. 
(2.37 L/h) and Miglis et al. (2.63 L/h) were simi-
lar to those reported previously [51, 110, 111]. 
However, it was noticeable that the inter-patient 
variability in polymyxin B clearance was sub-
stantially greater than in the earlier studies; even 
after disregarding an outlier, the report by Miglis 
et  al. suggests there was >tenfold inter-patient 
variability in the clearance of polymyxin B [113]. 
It is possible that this difference across studies 
arose because of the sparse sampling used by 
Miglis et al.; the resultant inability to accurately 
define area under the plasma concentration-time 
curve very likely resulted in biased estimates of 
clearance [112]. The sparse blood sampling 
approach was also used by the same group to 
undertake a pilot pharmacokinetic study in nine 
adult patients with cystic fibrosis [114]. In that 
study, patients had a median of two blood sam-
ples collected during polymyxin B therapy for 
the purpose of TDM.  The authors commented 
that while the pharmacokinetic parameters in the 
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patients with cystic fibrosis were similar to those 
without this condition, substantial care is required 
in regard to interpreting this and other findings 
because of the small number of patients and the 
sparse blood sampling [114].

It is instructive to consider the relationship 
between polymyxin B clearance and creatinine 
clearance using data pooled from studies 
reviewed above (Fig. 15.8) [16, 51, 108, 109]. It 
is evident from these studies and more recent 
investigations [110, 111, 113] that polymyxin B 
total body clearance is not influenced by renal 
function to a clinically important extent. It is also 
evident from Fig.  15.8 that polymyxin B clear-
ance is subject to a remarkably low degree of 
inter-individual variability across the wide range 
of creatinine clearance values examined. These 
two characteristics contrast sharply with those 
for the apparent clearance of formed colistin after 
administration of CMS, as discussed above. The 
clinically insignificant effect of kidney function 
on the total clearance of polymyxin B is behav-
iour expected of a drug that is excreted in urine to 
only a minor extent; see Fig. 15.4 (right panel) 
for a diagrammatic representation of the overall 
disposition of polymyxin B. Therefore, based on 
currently available data, in contrast to informa-
tion provided in package inserts for polymyxin 
B, daily doses should not be based on renal func-
tion. A reduction in daily dose in a renally-

impaired patient will potentially have negative 
impact on microbiological and clinical responses 
[51, 108, 115].

15.3	 �Commentary 
and Conclusions

From the foregoing, it is clear that while very sig-
nificant progress has been made in understanding 
key features of the clinical pharmacology of 
colistin and polymyxin B, there is still much to be 
learned. Large clinical population pharmacoki-
netic, pharmacodynamic and toxicodynamic 
studies have been performed on colistin, but there 
are much sparser data for polymyxin B and large-
scale studies are urgently needed. There is a 
dearth of pharmacokinetic information for both 
polymyxins in important groups, including obese 
patients, those with burns, and neonates and chil-
dren. There is also need to delineate the role of 
inhaled polymyxin in treatment of pneumonia, 
and of when and how to implement polymyxin 
combination regimens [12].

Even at this stage, it is very evident that while 
both clinically used polymyxins share similar 
characteristics in some areas (e.g. similar in vitro 
antibacterial activity against important species of 
Gram-negative bacteria (Chap. 3) [2, 3], propen-
sity to cause damage to renal tubular cells (Chap. 
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18) [52, 116]), they differ substantially in some 
important aspects of their clinical pharmacology. 
The difference in in vivo behaviour arises because 
colistin is administered as an inactive prodrug 
(CMS) that is predominantly renally cleared 
before significant conversion can occur, while 
polymyxin B is administered directly as its sul-
fate salt (Fig. 15.4).

The potential clinical pharmacological conse-
quences of the different disposition profiles have 
been discussed previously [1] and therefore they 
will be presented only briefly here. Firstly, the 
generally slow, incomplete and variable (due to 
batch-to-batch variability in CMS) in vivo con-
version to colistin often impedes the ability to 
achieve desired plasma concentrations of colistin 
in the first several hours of therapy, even with a 
loading dose [10, 31, 42, 43]. This may have a 
negative impact on prognosis given the link 
between delayed initiation of appropriate antibi-
otic therapy and patient outcome [117, 118]. As 
noted earlier, the need for a loading dose would 
be greater if administering a parenteral product 
of CMS that is subject to very slow in vivo con-
version to colistin; unfortunately, the rate of con-
version of the product available in a given hospital 
is generally not known by the clinicians caring 
for a patient. Because polymyxin B is not admin-
istered as a prodrug it is possible to more rapidly 
attain plasma concentrations that are likely to be 
effective [51]. Second, in patients with creatinine 
clearance greater than ~80  mL/min, the avid 
renal clearance of CMS competes very success-
fully with the pathway for conversion to colistin 
(Fig. 15.4), and therefore it is not possible to reli-
ably achieve plasma colistin concentrations of 
≥2 mg/L in such patients, even with daily doses 
at the upper limit of the current prescribing infor-
mation (Fig. 15.3) [31, 43, 46, 47]. This is not the 
case with polymyxin B [16, 51]. Third, because 
the apparent clearance of colistin is related to cre-
atinine clearance, the daily maintenance dose of 
CMS may require adjustment based upon renal 
function [31, 43, 46, 47]. Based upon current evi-
dence, this is not appropriate for polymyxin B 
because its total body clearance is not dependent 
on creatinine clearance to a clinically significant 
degree [16, 51, 108, 110, 111]. Fourth, based 

upon studies with intensive blood sampling 
across a dosage interval to define the area under 
the plasma concentration versus time curve, there 
is substantially greater inter-individual variabil-
ity in the apparent clearance of colistin at a given 
creatinine clearance (up to ~tenfold variability) 
[31, 46] than there is in the clearance of poly-
myxin B across a very wide range of creatinine 
clearance values (only ~threefold variability in 
the clearance of polymyxin B) [51]. This point 
together with that immediately above means that 
it is substantially easier to predict a daily mainte-
nance dose to achieve a desired steady-state 
plasma concentration for polymyxin B than it is 
for colistin. Fifth, both colistin and polymyxin B 
have low therapeutic indices and as such TDM is 
likely to be beneficial [12]. Some laboratories are 
already providing a TDM service to assist in opti-
mization of dosage regimens [37, 84, 119, 120]. 
There is an even stronger case for TDM (and ide-
ally adaptive feedback control (AFC) [121]) with 
CMS/colistin because of the very substantial 
variability in the overall pharmacokinetic profile. 
However, that variability will render difficult the 
successful implementation of AFC for colistin. In 
addition, TDM is inherently more difficult for 
CMS/colistin, because of the critical need to 
ensure that all sample collection, handling and 
assay procedures do not lead to ongoing in vitro 
conversion of CMS to colistin [30]. Thus, appli-
cation of TDM and AFC is expected to be more 
straightforward for polymyxin B than for CMS/
colistin; indeed, early work towards the applica-
tion of AFC for polymyxin B has already occurred 
[106]. Sixth, CMS/colistin and polymyxin B dif-
fer in the concentrations of the active antibacte-
rial that can be achieved in urine. This occurs 
because CMS is extensively excreted into urine 
and then it undergoes partial conversion to colis-
tin within the urinary tract as a result of instabil-
ity of CMS in an aqueous environment; [7, 18, 
122] in contrast, polymyxin B undergoes mini-
mal excretion into urine [16, 51] (Fig. 15.4).

Thus, polymyxin B would appear to have 
superior pharmacokinetic characteristics for 
infections where it is important to rapidly and 
reliably achieve and then maintain a desired con-
centration in plasma. Interestingly, a meta-analysis 
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of five recent clinical studies [52, 53, 123–125] 
which compared relative rates of nephrotoxicity 
associated with CMS/colistin versus polymyxin B 
revealed that the risk was lower for polymyxin B 
[126], probably related to the administration of 
colistin as a prodrug [127]. CMS may be the pre-
ferred polymyxin for the treatment of urinary tract 
infections [1]. The relative safety and effective-
ness of CMS and polymyxin B delivered directly 
to sites such as the lungs and CSF needs to be 
evaluated. CMS may be less irritating to mem-
branes lining the lungs and to the meninges, and 
there may be ongoing conversion to colistin from 
the prodrug ‘trapped’ in these regions due to its 
slow absorption into the systemic circulation and 
eventual delivery to the kidneys. It would be 
advantageous for clinicians in all parts of the 
world to have access to parenteral products of 
both CMS and polymyxin B, so that they can 
choose between the two in particular circum-
stances [12]. Head-to-head comparisons of the 
two polymyxins against various types of infec-
tions are needed, and such studies should evaluate 
both efficacy and toxicity endpoints. A compila-
tion of high priority aspects requiring attention to 
optimize the clinical use of the polymyxins has 
been formulated [12]. It is hoped that progress on 
addressing these areas will be made with good 
speed. In the meantime, it is pleasing that interna-
tional consensus guidelines for the optimal use of 
the polymyxins have been published [129]. The 
information used to formulate the dosing regi-
mens of colistin and polymyxin B recommended 
in those guidelines was from key studies reviewed 
in the present chapter.
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Abstract
Combinations of antimicrobial agents are 
often used in the management of infectious 
diseases. Antimicrobial agents used as part of 
combination therapy are often selected empir-
ically. As regrowth and the emergence of poly-
myxin (either colistin or polymyxin B) 
resistance has been observed with polymyxin 
monotherapy, polymyxin combination therapy 
has been suggested as a possible means by 
which to increase antimicrobial activity and 
reduce the development of resistance. This 
chapter provides an overview of preclinical 
and clinical investigations of CMS/colistin 
and polymyxin B combination therapy. In 
vitro data and animal model data suggests a 
potential clinical benefit with many drug com-
binations containing clinically achievable 
concentrations of polymyxins, even when 
resistance to one or more of the drugs in com-

bination is present and including antibiotics 
normally inactive against Gram-negative 
organisms. The growing body of data on the 
emergence of polymyxin resistance with 
monotherapy lends theoretical support to a 
benefit with combination therapy. Benefits 
include enhanced bacterial killing and a sup-
pression of polymyxin resistant subpopula-
tions. However, the complexity of the critically 
ill patient population, and high rates of treat-
ment failure and death irrespective of 
infection-related outcome make demonstrat-
ing a potential benefit for polymyxin combi-
nations extremely challenging. Polymyxin 
combination therapy in the clinic remains a 
heavily debated and controversial topic. When 
combinations are selected, optimizing the dos-
age regimens for the polymyxin and the com-
binatorial agent is critical to ensure that the 
benefits outweigh the risk of the development 
of toxicity. Importantly, patient characteris-
tics, pharmacokinetics, the site of infection, 
pathogen and resistance mechanism must be 
taken into account to define optimal and ratio-
nal polymyxin combination regimens in the 
clinic.

Keywords
Polymyxin · Antibiotic combination therapy · 
Synergy · Pharmacodynamics · 
Pharmacokinetics

P. J. Bergen (*) 
Centre for Medicine Use and Safety,  
Monash University, Parkville Campus,  
Melbourne, VIC, Australia
e-mail: Phillip.Bergen@monash.edu 

N. M. Smith · T. B. Bedard · R. Cha · B. T. Tsuji 
Laboratory for Antimicrobial Pharmacodynamics, 
School of Pharmacy and Pharmaceutical Sciences, 
University at Buffalo, SUNY, Buffalo, NY, USA 

Z. P. Bulman 
University of Illinois Chicago, College of Pharmacy, 
Chicago, IL, USA

16

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16373-0_16&domain=pdf
mailto:Phillip.Bergen@monash.edu


252

16.1	 �Introduction

Combinations of antimicrobial agents have been 
used in the management of infectious diseases 
since the 1940s [160]. Reasons for the use of 
antimicrobial combinations include prevention of 
resistance selection during treatment, decreased 
dose-related toxicity as a result of reduced dos-
age, broadening of spectrum in polymicrobial 
infections, and ‘synergy’ [183]. However, it 
remains controversial whether combination ther-
apy, given empirically or as definitive treatment 
for many infection types, is warranted. There are 
also potential disadvantages with combination 
therapy including a greater risk of drug toxicity, 
increased cost, and superinfection with even 
more resistant bacteria [119]. Clinicians often 
resort to antibiotic combinations as a conse-
quence of limited therapeutic options in the hope 
of improving the activity of available agents. In 
clinical practice, antimicrobial agents used as 
part of combination therapy are often selected 
empirically by clinicians, mainly by trial and 
error or based on personal experience. This 
approach is poorly guided and may not be opti-
mal for patient care.

Polymyxin (colistin [administered as colistin 
methanesulphonate; CMS] or polymyxin B) 
combination therapy is increasingly used clini-
cally [10, 11, 30, 51, 62, 78, 120, 139, 141, 142, 
162]. However, systematic investigations of such 
combinations are a relatively recent phenome-
non. As outlined in Chap. 15, the emerging phar-
macodynamic (PD) and pharmacokinetic (PK) 
data on CMS/colistin and polymyxin B suggest 
that caution is required with monotherapy. Given 
this situation, polymyxin combination therapy 
has been suggested as a possible means by which 
to increase antimicrobial activity and reduce the 
development of resistance [63, 72, 99, 151].

The growing body of data on the emergence of 
polymyxin resistance with monotherapy lends 
theoretical support to a benefit with combination 
therapy. As discussed in Chap. 8, a consistent 
finding of both in vitro and in vivo studies is 
regrowth with colistin or polymyxin B monother-
apy, even with concentrations far exceeding those 
which can be safely achieved clinically [12, 13, 

16, 25–27, 39, 67, 88, 89, 93, 103, 104, 128, 147, 
165, 173, 174, 201, 208]. Amplification of 
colistin-resistant subpopulations in heteroresis-
tant isolates, i.e. isolates that are susceptible to 
polymyxins based upon their minimum inhibi-
tory concentrations (MICs) but which contain 
resistant subpopulations, has been shown to con-
tribute to the observed regrowth following poly-
myxin monotherapy [13, 14, 16, 24, 45, 50, 84, 
89, 103, 123, 147, 173, 174, 188]. Studies under-
taken in in vitro pharmacokinetic/pharmacody-
namic (PK/PD) models simulating clinically 
achievable unbound plasma concentration-time 
profiles of colistin or polymyxin B in critically ill 
patients demonstrated early regrowth of heterore-
sistant strains of Pseudomonas aeruginosa [16, 
103, 173], Klebsiella pneumoniae [45, 208] and 
Acinetobacter baumannii [84, 89], with popula-
tion analysis profiles (PAPs) revealing substantial 
increases in the proportion of polymyxin-resistant 
subpopulations; PAPs after 72 h (colistin) or 96 h 
(polymyxin B) were substantially different from 
the PAPs prior to polymyxin therapy and those 
for the growth controls. Similar increases in the 
proportion of colistin-resistant bacteria with 
monotherapy have been observed in other in vitro 
studies (both static and dynamic time-kill infec-
tion models) [1, 13, 14, 24, 123, 128, 143, 147, 
174] and, for A. baumannii, murine thigh and 
lung infection models [50]; many of these studies 
include polymyxin concentrations well above the 
MIC of the organism. These observations suggest 
that the susceptible bacterial populations were 
selectively eradicated, resulting in unopposed 
growth of resistant subpopulations (such as LPS-
deficient A. baumannii [114]; discussed in detail 
in Chap. 5) and consequently the emergence of 
resistance over time. Heteroresistance notwith-
standing, adaptive resistance (see Chap. 5) may 
also contribute to regrowth as evidenced by 
reversion to the susceptible state following serial 
passaging on drug-free plates of one of three iso-
lates in the study by Tam et al. [173]. Finally, a 
recent study demonstrated that amino acid altera-
tions in two-component systems such as PmrAB, 
PhoPQ and ParRS involved in polymyxin resis-
tance (due to modifications of lipopolysaccha-
rides in the Gram-negative cell wall) occur 

P. J. Bergen et al.



253

rapidly in vitro in the presence of colistin within 
the period of selection of single-step mutants 
[32]. This suggests polymyxin treatment may 
provoke genetic mutations related to resistance as 
a mutagen within a short period in addition to the 
selection of pre-existing resistant subpopula-
tions. Such observations highlight the importance 
of polymyxin combinations to minimize the 
emergence of polymyxin resistance.

In addition to a reduction in the emergence of 
polymyxin resistance, combination therapy has 
the potential to increase bacterial killing via ‘syn-
ergy’. Two mechanisms have been proposed 
whereby polymyxin combinations may provide 
an enhanced PD effect. As regrowth with poly-
myxin monotherapy is due, at least in part, to 
amplification of pre-existing polymyxin-resistant 
subpopulations in heteroresistant strains, it has 
been suggested that polymyxin combinations 
may give rise to so-called subpopulation synergy, 

the process whereby one drug kills the resistant 
subpopulation(s) of the other drug, and vice versa 
(Fig.  16.1) [23]. Additionally mechanistic syn-
ergy, whereby two drugs acting on different cel-
lular pathways increase the rate or extent of 
killing of the other drug, has been suggested as a 
mechanism by which polymyxin combinations 
may lead to an enhanced antimicrobial effect 
(Fig. 16.1) [23]. The ability of colistin to increase 
the permeability of the outer membrane of many 
Gram-negative bacteria (Chap. 4) represents one 
possible mechanism for mechanistic synergy, 
potentially allowing better access of other anti-
microbial agents to their target sites within the 
pathogen and thereby improving activity. 
Potential examples of each type of synergy are 
discussed subsequently in the PK/PD time-kill 
studies section. Mechanisms of subpopulation 
and mechanistic synergy are not mutually exclu-
sive and both may operate simultaneously.

Fig. 16.1  Schematic representations for subpopulation 
synergy (Panel A) and mechanistic synergy (Panel B). In 
subpopulation synergy, drug A kills the resistant subpopu-
lations of drug B, and vice versa. In mechanistic synergy 

for drugs acting on different cellular pathways, drug A 
increases the rate or extent of killing by drug B, and vice 
versa. (Figure adapted from Bulitta et  al. [23], with 
permission)
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An important observation of some recent stud-
ies which investigated colistin susceptibility has 
been the substantially increased susceptibility of 
colistin-resistant isolates of several Gram-
negative species to many antibiotics, including 
some normally considered inactive against Gram-
negative organisms (e.g., rifampicin, macrolides, 
glycopeptides and daptomycin) [25, 61, 66, 86, 
92, 109, 187, 190]. For example, Li et  al. [92] 
examined the antibiograms of paired colistin-
susceptible and -resistant strains of multidrug-
resistant (MDR) A. baumannii against a broad 
range of antibiotics. In that study, the MICs of 
most colistin-resistant strains were substantially 
lower against a number of antibiotic classes typi-
cally used against Gram-negative organisms than 
their colistin-susceptible counterparts (e.g. >16 
times lower in some cases against the penicillin 
class and carbapenems). Additionally, the 
colistin-resistant strains had substantially 
increased susceptibility to many antibiotics that 
are typically inactive against Gram-negative bac-
teria (e.g., rifampicin, fusidic acid, and erythro-
mycin). The authors suggested that this may be 
due to substantial changes in the outer membrane 
of A. baumannii which occur as a result of resis-
tance to colistin, thereby allowing antibiotics 

such as rifampicin and the lipopeptides, macro-
lides and streptogramins greater access to their 
target sites. This unexpected finding further 
emphasises the need for rational, systematic 
examination of polymyxin combination therapy. 
This chapter will provide an overview of both 
preclinical and clinical investigations of CMS/
colistin and polymyxin B combination therapy.

16.2	 �Preclinical Studies of CMS/
Colistin or Polymyxin B 
Combination Therapy

16.2.1	 �In Vitro Studies

In vitro studies examining combination therapy 
most commonly define the pharmacodynamic 
(PD) interaction of the agents in terms of additiv-
ity, synergy, indifference or antagonism, with the 
method used to determine such interactions 
dependent upon the experimental system 
employed [144]. For example, with the checker-
board microbroth dilution method the fractional 
inhibitory concentration (FIC) index is used. The 
FIC is calculated as follows [144]:

	
FICindex

MICof drugA incombination

MICof drugAalone

MICof drugB
= +

iincombination

MICof drugBalone

Though various definitions are used throughout 
the literature, synergy with this method has tradi-
tionally been defined as an FIC index of ≤0.5, 
additivity as an FIC index of 1.0, and antagonism 
as an FIC index of 2.0. However, more recent cri-
teria suggest that an FIC index of >4 should be 
applied to definitions of antagonism to account 
for inherent imprecision of the technique when 
twofold dilutions are used and because an FIC 
index of 2.0 is probably indicative of an indiffer-
ent, rather than a true antagonistic, effect [6]. 
Though widely used, the checkerboard method is 
less discriminatory than other more sophisticated 
in vitro methods (e.g., static or PK/PD time-kill 
models; discussed below) for assessing the inter-
actions of antimicrobial agents [28, 126, 194]. 

Discordance between results derived from com-
bination testing using Etest and time-kill meth-
ods has also been reported for polymyxins [175]. 
Consequently, results derived from FIC and Etest 
methods will not be discussed here.

Time-kill methods have important advantages 
over the checkerboard technique. Primarily, the 
time-kill method measures the bactericidal activ-
ity of the combination being tested and provides 
a picture of antimicrobial action over time (based 
on serial viable counts); in contrast, the checker-
board technique provides only inhibitory data 
and is usually examined at a single time point 
(after 16–24  h of incubation) [144]. Time-kill 
models can be subdivided into static and PK/PD 
models. In static time-kill models, with the 

P. J. Bergen et al.



255

exception of a small degree of loss in drug activ-
ity due to bacterial metabolism or inactivation, 
bacteria are exposed to static (fixed) concentra-
tions of an antibacterial agent over a defined 
period of time. PK/PD models essentially fall 
into one of two categories: one-compartment 
(1-CM) or two-compartment (2-CM) models [65, 
186]. In these models, the test organism is pre-
sented with a dynamic concentration of drug 
designed to mimic in vivo PK.  PK/PD models 
typically consist of a central reservoir containing 
the organism, a diluent reservoir and a waste res-
ervoir. Drug is added to the central reservoir to 
achieve the desired peak concentration and the 
elimination profile is mimicked by addition of 
sterile, drug-free media to the central reservoir 
and removal of an equal volume of drug-
containing media into the waste reservoir; vari-
ous adaptations of this standard model are 
available to simultaneously mimic the in vivo PK 
of two or more drugs with differing half-lives 
[21]. Though 1-CM are most common, the 2-CM 
hollow-fibre infection model (HFIM)  – which 
prevents bacterial elimination by physically sep-
arating bacteria from the central reservoir  – is 
now considered gold standard for detailed exami-
nation of the effects of different regimens and PK 
on the time-course of bacterial killing and emer-
gence of resistance [22].

For both static and PK/PD time-kill methods 
synergy has traditionally been defined as a 100-
fold increase in killing at 24 h (as measured by 
colony counts; i.e. a ≥2-log10 lower CFU/mL) 
with the combination relative to its most active 
component (Fig.  16.2) [144]; antagonism is 
defined as a 100-fold decrease (i.e. a ≥2-log10 
higher CFU/mL) in killing at 24 h with the com-
bination compared with the most active single 
drug alone. While a strict application of these 
definitions requires that at least one of the drugs 
being tested produces no significant inhibition or 
killing alone, there are no established criteria 
with which to evaluate interactions when using 
two or more drugs, each of which has significant 
activity alone [144]. Consequently, these defini-
tions are commonly applied in practice even 
when more than one drug displays significant 
bacterial killing. Variations on, and additions to, 
these definitions abound in the literature how-
ever, complicating comparisons of effect between 
studies. A typical example is that synergy is 
sometimes reported as described above, with the 
qualification that the number of surviving organ-
isms in the presence of the combination must be 
≥2-log10 CFU/mL below the starting inoculum 
[53, 61, 134, 149, 167]. In this way, an interaction 
described as synergistic by the former definition 
may not be synergistic by the latter. These defini-

Fig. 16.2  Effects of antimicrobial combinations as measured with the time-kill method. A + B, synergism; C + D, 
antagonism; E + F, indifference. (Figure adapted from Pillai et al. [144], with permission)
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tions are also commonly applied at times other 
than 24 h.

Numerous in vitro studies have used the static 
or PK/PD time-kill method to examine polymyxin 
combination therapy, with the majority of studies 
utilising CMS or colistin (sulphate). However, as 
discussed in Chap. 3, CMS is an inactive prodrug 
of colistin and undergoes conversion to colistin in 
aqueous media [15, 91]. Administration of CMS 
will therefore result in a variable formation of 
active colistin over time, making the administer-
ing CMS in these in vitro systems inappropriate. 
Unfortunately, as for animal studies discussed 
above, it is not always possible to ascertain 
whether the ‘colistin’ administered was colistin 
(sulphate) or CMS (sodium). Antimicrobial 
agents combined with polymyxins in time-kill 
models include both agents with and without 
usual activity against Gram-negative pathogens. 
Studies have included polymyxins combined 
with rifampicin [8, 9, 19, 60, 82, 84, 94, 124, 177, 
179, 180], carbapenems [8, 13, 16, 34, 36, 39, 45, 
60, 82, 83, 87, 89, 96, 100, 102, 103, 111, 127, 
134, 135, 137, 149, 161, 167, 168, 176–178, 180, 
184], tigecycline [4, 18, 19, 27, 37, 40, 44, 60, 68, 
80, 116, 122, 137, 148, 177], ampicillin/sulbac-
tam [89, 180], ceftazidime [67], ciprofloxacin [8, 
67], aminoglycosides [8, 40, 131, 152, 171], gly-
copeptides [18, 60, 66, 140, 187, 190], fosfomy-
cin [5, 40, 46, 80, 87, 166, 177, 188, 201, 208] 
and others [1, 34, 39, 61, 97, 127, 129, 143, 153, 
155, 175, 177, 187, 193, 201]; rifampicin, the 
carbapenems and tigecycline are the most com-
monly studied antibiotics in combination with 
colistin. The most common organisms studied 
are P. aeruginosa, A. baumannii and K. pneu-
moniae, and these will be the primary focus of 
the remainder of this section.

Despite a relatively large number of published 
studies examining polymyxin (primarily colistin) 
combination therapy there are a number of defi-
ciencies with much of the existing information in 
addition to the lack of certainty around the form 
of ‘colistin’ administered; these deficiencies 
apply to both static and dynamic (PK/PD) mod-
els. Firstly, the vast majority of studies employ a 
single, generally lower inoculum (~105–106 CFU/
mL). However, as the antibacterial activity of 

both colistin and polymyxin B is subject to an 
inoculum effect [24, 173], and as high bacterial 
densities can be found in some infections [107, 
169], it is important to examine the antibacterial 
activity of combination therapy at multiple inoc-
ula. Second, many studies present antibiotic con-
centrations as multiples of the MIC with little 
reference to, or discussion of, the clinical rele-
vance of the actual concentrations used. Further 
to this, many authors judge the ‘success’ of a par-
ticular combination only by whether synergy was 
attained rather than examining the overall antimi-
crobial activity of the combination. However, a 
combination that attains synergy may still achieve 
poor overall antimicrobial activity and may even 
be less active overall than another combination 
considered antagonistic. Third, consideration of 
polymyin heteroresistance and the effect of com-
binations on the development of polymyxin resis-
tance have only been examined in a small number 
of recent studies [1, 5, 13, 16, 27, 39, 45, 68, 84, 
89, 100, 102, 103, 143, 201, 208]. As discussed 
above heteroresistance is known to contribute to 
regrowth observed following colistin or poly-
myxin B monotherapy, although its clinical sig-
nificance is unclear. Given the status of the 
polymyxins as agents of last resort and reports of 
increasing polymyxin resistance, it is crucial to 
systematically examine the effect of combination 
therapy on the emergence of polymyxin resis-
tance, including on heteroresistant strains, in 
order to design optimal dosage regimens. Finally, 
remarkably few studies utilise PK/PD models, 
the introduction of which has been an important 
advancement in antimicrobial research, to inves-
tigate polymyxins in combination.

The next two sections of this chapter will dis-
cuss significant recent static and dynamic (PK/
PD) time-kills investigations with polymyxins 
(colistin or polymyxin B) and will focus primar-
ily on studies involving P. aeruginosa, A. bau-
mannii and K. pneumoniae. Although polymyxins 
have been reported to be synergistic against a 
variety of pathogenic fungi including a variety of 
Candida, Aspergillus and other species in combi-
nation with echinocandins, azoles and amphoter-
icin B [2, 105, 117, 133, 158, 205, 206], these 
studies will not be discussed here.
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16.2.2	 �Static Time-Kill Studies

Pseudomonas aeruginosa  Few studies have 
examined polymyxin combinations against P. 
aeruginosa using either static or dynamic (the 
latter discussed below) time-kill models. Two 
studies by Pankuch et al. combined colistin with 
either meropenem [134] or doripenem [135] 
against clinical isolates of P. aeruginosa; the pro-
portion of MDR strains was not stated. Sub-MIC 
concentrations of colistin (0.12–1  mg/L) and 
meropenem (0.06–8  mg/L) were synergistic 
against 13 (25.5%) of 51 isolates (all isolates 
colistin-susceptible; 6 [11.8%] isolates 
meropenem-resistant) at 24  h, whereas colistin 
(0.12–16 mg/L) and doripenem (0.03–128 mg/L) 
demonstrated synergy against 19 (76.0%) of 25 
isolates (1 [4%] colistin-resistant isolate; 14 
[56%] isolates doripenem-resistant). Urban et al. 
examined antibiotic combinations using poly-
myxin B, doripenem, and rifampicin against five 
MDR isolates of P. aeruginosa (one K. pneu-
moniae carbapenemase [KPC]-producing and 
four non-metallo-β-lactamase [MBL] or KPC-β-
lactamase producing) [184]. All isolates were 
carbapenem-resistant and one polymyxin resis-
tant, and antibiotics were used at a concentration 
of 0.25× MIC.  As monotherapy, none of the 
tested antibiotics was bactericidal (defined as a 
≥3-log10 CFU/mL decrease in 24 h). Triple ther-
apy with the combination of polymyxin B, 
doripenem and rifampicin was most effective, 
with bactericidal activity achieved against all iso-
lates at 24  h. Combinations utilising only two 
antibiotics were less effective, with polymyxin B 
plus doripenem or rifampicin bactericidal against 
only one isolate. Despite examining combination 
therapy ‘synergy’ was not directly examined in 
this investigation.

Bergen et al. systematically investigated bac-
terial killing and resistance emergence with 
colistin alone and in combination with imipenem 
against P. aeruginosa [13]. Conducted over 48 h 
this study included five clinical isolates and an 
ATCC reference strain representing a mixture of 
colistin and imipenem susceptible and resistant 
strains, colistin heteroresistant and non-

heteroresistant strains, and MDR and non-MDR 
strains; one isolate contained IMP- and CTX-M-
type β-lactamases. Importantly, of the static time-
kill studies discussed in this chapter only this 
study examined the effect of combinations at 
multiple inocula (~106 and ~108 CFU/mL); it was 
also the first study to specifically incorporate 
colistin-heteroresistant strains and investigate the 
emergence of polymyxin resistance with poly-
myxin combination therapy. In combination 
experiments both antibiotics were studied at con-
centrations of 0.5×, 4× and 16× MIC for suscep-
tible isolates and 1, 4 and 32 mg/L for colistin 
and 1, 8 and 32 mg/L for imipenem for resistant 
isolates; the majority of concentrations for colis-
tin and all concentrations for imipenem can be 
considered clinically achievable. In total nine 
colistin/imipenem combinations were examined 
for each isolate at each inoculum. Regrowth of all 
isolates was observed with colistin monotherapy 
even with colistin concentrations well above 
those which can be safely achieved clinically. 
The addition of imipenem to colistin at both inoc-
ula generally resulted in substantial improve-
ments in bacterial killing over equivalent 
monotherapy against MDR P. aeruginosa iso-
lates resistant to either antibiotic. The improve-
ments in activity against these isolates were 
observed across the 48-h duration and with all 
colistin concentrations at the low inoculum, and 
4× and 16× MIC (or 4 and 32 mg/L) colistin at 
the high inoculum. Notably, the total reductions 
in log10 CFU/mL achieved with combinations 
containing lower colistin concentrations (0.5× 
and 4× MIC or 1 and 4  mg/L) were on many 
occasions similar in magnitude to the reductions 
achieved with combinations containing 16× MIC 
colistin, particularly at the 106 inoculum. Benefits 
in overall antibacterial activity for this combina-
tion were less pronounced against the three iso-
lates susceptible to both antibiotics, although 
substantial improvements in initial kill (i.e., up to 
6 h) were present. As for the emergence of colis-
tin resistance, colistin monotherapy against the 
five colistin-susceptible isolates generally led to 
increases in colistin-resistant subpopulations at 
both the low and high inocula, with combination 
therapy generally resulting in a similar proportion 
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of colistin-resistant subpopulations at 48  h as 
with equivalent monotherapy. While this result 
would appear to negate one of the major theoreti-
cal attractions of colistin combination therapy, 
namely a reduction in the emergence of colistin 
resistance, the same authors subsequently con-
ducted a similar experiment with two of these 
isolates in a dynamic (PK/PD) model combining 
colistin with doripenem and achieved a very dif-
ferent result. The potential reason for this and the 
implications for antimicrobial combination test-
ing are discussed in detail in the section examin-
ing PK/PD time-kill studies.

Two studies have examined colistin [46] or 
polymyxin B [188] combined with fosfomycin 
against P. aeruginosa. Di et  al. examined this 
combination against 5 carbapenem-resistant but 
colistin-susceptible clinical isolates over 24  h 
[46]. Antibiotics were administered at concentra-
tions of 0.5× and 1× MIC (range, 0.25–4 mg/L 
for colistin and 16–256  mg/L for fosfomycin). 
Neither antibiotic produced substantial bacterial 
killing as monotherapy with regrowth to 
~108 CFU/mL. However, in combination at both 
0.5× and 1× MIC, in all but one case no viable 
bacteria were detected after no later than 12  h; 
the only exception was against the isolate with 
the highest colistin MIC (4 mg/L) and only with 
the combination with both antibiotics at 0.5× 
MIC. With polymyxin B (0.5, 1 and 2 mg/L) and 
fosfomycin (30, 150 or 300 mg/L) combinations, 
Walsh et al. similarly observed enhanced bacte-
rial killing over 24  h against 3 polymyxin 
B-susceptible heteroresistant isolates [189]. 
Though synergy was observed in only 39 (48.1%) 
of 81 cases (9 combinations across 3 isolates at 3 
time points), this was much higher (28 [51.9%] 
of 54 cases) when only combinations containing 
polymyxin B at 1 or 2  mg/L are considered. 
Against 2 colistin-resistant isolates, bacterial 
killing was not substantially enhanced with the 
combination.

A. baumannii  In the two studies by Pankuch 
et  al. discussed above, colistin was also com-
bined with either meropenem [134] or doripenem 
[135] against clinical isolates of A. baumannii; 
the proportion of MDR strains was not stated. 

Colistin (0.06–8  mg/L) and meropenem (0.03–
64 mg/L) showed synergy against 49 (94.2%) of 
52 isolates (13 [25%] isolates colistin-resistant; 
15 [28.8%] isolates meropenem-resistant) at 
24  h, whereas colistin (0.12–16  mg/L) and 
doripenem (0.06–32  mg/L) showed synergy 
against 25 (100%) of 25 isolates of A. baumannii 
(11 [44%] isolates colistin-resistant; 9 [36%] iso-
lates doripenem-resistant). Shields et  al. exam-
ined colistin plus doripenem against five XDR 
isolates (defined as resistant to all agents except 
polymyxins and tigecycline) of A. baumannii 
taken from patients who had received solid organ 
transplants [163]; all isolates were colistin-
susceptible based on MICs. Against all five iso-
lates doripenem monotherapy at sub-MIC 
concentrations resulted in virtually no antimicro-
bial activity, whereas colistin monotherapy 
(0.25× to 1× MIC) was bacteriostatic (inhibiting 
growth of the inocula without causing significant 
killing) (Fig. 16.3). However, the combination of 
colistin (0.125× to 0.25× MIC) plus doripenem 
(8 mg/L) resulted in undetectable bacterial levels 
at 8  h without evidence of regrowth by 24  h. 
Interestingly, based on this, in vitro data combi-
nations of CMS (5  mg/kg/day of CBA in 2–4 
divided doses) and doripenem (500 mg 8-hourly) 
were recommended for use in their institution for 
patients who have received solid organ trans-
plants and were infected with XDR A. bauman-
nii. At the time of publication four patients had 
been treated with this combination with a fifth 
patient receiving meropenem plus colistin; 4 
(80%) of the 5 patients had a positive clinical 
response and survived.

In a follow-up study to that of Shields et  al. 
discussed above [163], the same group compared 
the in vitro killing effects of colistin (2  mg/L), 
doripenem (8  mg/L) and sulbactam (4  mg/L) 
alone, and in combination, against isolates of 
XDR A. baumannii collected from patients with 
recurrent respiratory tract infections prior to (ini-
tial) and following (recurrent) treatment with 
intravenous CMS plus doripenem [127]; 4 (44%) 
of the 9 patients received additional CMS via 
inhalation. Patients had received the combination 
(doses were not stated) for a minimum of 13 days 
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(median duration, 31 days; range, 13 to 74 days) 
with the median time between collection of ini-
tial and recurrent isolates being 65 days (range, 
28–188 days). Nine initial and recurrent isolates 
(1 of each from each patient) were collected (18 
isolates in total), with 8 (89%) of 9 pairs geneti-
cally indistinguishable. Time-kill studies revealed 
synergy at 24 h was more frequent when colistin 
was combined with doripenem (16 [89%] of 18 
isolates) than sulbactam (9 [50%] of 18 isolates). 
The killing effects of the colistin/doripenem 
combination was attenuated against isolates pre-
viously exposed to the combination in vivo (mean 
log kill [CFU/mL] at 24 h of −5.08 log10 versus 
−2.88 log10 for initial and recurrent isolates, 
respectively), although there was no difference in 
the mean log kills against the initial and recurrent 
isolates exposed to colistin plus sulbactam. The 
triple combination of these agents achieved 
greater log kills than either colistin/doripenem or 
colistin/sulbactam combination among recurrent 
isolates (mean log10 kills [CFU/mL] at 24  h of 
−5.74 versus −2.88 and −1.51, respectively), 
including those that did not respond to the colis-
tin/doripenem combination. Interestingly, 
although only one of nine initial isolates was 
colistin-resistant, five isolates were colistin-
resistant following treatment. However, although 

colistin MICs influenced the extent of killing 
somewhat, colistin/doripenem combinations 
were equally active against colistin-susceptible 
and –resistant isolates. The MICs of doripenem 
rather than colistin were associated with the 
extent of killing by colistin and doripenem in 
combination, with each of the isolates that failed 
to respond to treatment having a doripenem MIC 
>64  mg/L.  Such an association has also been 
demonstrated for colistin/doripenem combina-
tions in KPC-producing K. pneumoniae [36] 
(discussed below).

Tan et al. examined colistin (at 1× MIC; range: 
0.5–2 mg/L), minocycline (at 1× MIC for suscep-
tible isolates [n = 9] and 4 mg/L for resistant iso-
lates [n  =  4]; range, 0.06–16  mg/L) and their 
combination against 13 imipenem-resistant iso-
lates (MIC >8 mg/L) of A. baumannii across 24 h 
[175]. As monotherapy neither antibiotic demon-
strated bactericidal activity at any time but the 
combination was bactericidal against 9 (69%) 
isolates at 24 h. Synergy was detected in 1 (8%), 
2 (15%), 2 (15%) and 12 (92%) of isolates at 2, 4, 
6, and 24 h, respectively. Tripodi et al. examined 
colistin (6 mg/L), rifampicin (5 mg/L), imipenem 
(20  mg/L) and ampicillin/sulbactam (50  mg/L) 
alone or in double (colistin plus each of the sec-
ond drugs) or triple (colistin plus rifampicin plus 

Fig. 16.3  Representative 
time-kill curves with 
colistin and doripenem 
alone, and in 
combination, against an 
extensively drug-
resistant (XDR) isolate 
of A. baumannii. (DOR 
doripenem, COL 
colistin. Doripenem MIC 
alone = 64 μg/mL, 
Colistin MIC 
alone = 2 μg/mL) 
(Figure adapted from 
Shields et al. [163], with 
permission)
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imipenem, or colistin plus rifampicin plus ampi-
cillin/sulbactam) combinations against nine iso-
lates of MDR A. baumannii producing OXA-58 
carbapenemase [180]. Colistin was the most 
active agent as monotherapy with double and tri-
ple combinations generally showing similar 
activity to that of colistin monotherapy. However, 
triple therapy with the combination of polymyxin 
B, doripenem and rifampicin was more effective 
against five non-MBL or KPC-producing isolates 
when compared to monotherapy or double com-
bination therapy [184]. In another study, colistin 
at concentrations of 0.25×, 0.5× and 1× MIC plus 
daptomycin 10 mg/L was synergistic against ten 
MDR-colistin-susceptible isolates of A. bau-
manni in 16 (53.3%) of 30 cases at 24 h, although 
no benefit with the combination was seen against 
a further four MDR-colistin-resistant isolates 
[61]; however, it is not clear whether colistin 
(sulphate) or CMS was used in this 
investigation.

One laboratory examined colistin (1  mg/L) 
alone and in combination with the glycopeptide 
antibiotics vancomycin (20 mg/L) [66] or teico-
planin (20  mg/L) [190] against five MDR-
colistin-susceptible isolates of A. baumannii. 
Colistin as monotherapy was rapidly bactericidal 
against all isolates with rapid regrowth to control 
values by 24 h. However, when combined with 
vancomycin regrowth was suppressed in four of 
the five isolates even at 48  h, with ~5–7-log10 
CFU/mL greater killing at this time compared to 
colistin monotherapy. The colistin/teicoplanin 
combination suppressed regrowth against all iso-
lates at 24 h, with >8-log10 CFU/mL greater kill-
ing compared with colistin monotherapy and a 
≥ 4-fold log reduction compared with the starting 
inoculum at this time. Surprisingly, although 
experiments were conducted for 48  h only the 
24 h results were reported. Despite the substan-
tially improved bacterial killing with both glyco-
peptides the authors noted that, given the potential 
of both colistin and vancomycin to cause nephro-
toxicity when either agent is used alone, there 
may be concern about the suitability of this com-
bination in the clinic. Although teicoplanin has a 
similar mechanism of action to vancomycin, it 
has a more favourable effect profile including a 

lower incidence of renal toxicity which may 
make such a combination more acceptable to cli-
nicians [29, 172]. A colistin/telavancin combina-
tion was synergistic at 24 h against a single MDR 
clinical isolate (representative of the epidemic 
UK lineage OXA-23 clone 1) of A. baumanni 
[73]. However, in contrast to teicoplanin above, 
the incidence of renal toxicity with telavancin is 
higher than that of vancomycin which may limit 
the utility of this combination [185]. Similarly, a 
polymyxin B/rifampicin combination was syner-
gistic at 24 h against two MDR isolates of A. bau-
manni positive for OXA-23 and OXA-51 and an 
Acinetobacter sp. positive for OXA-58 and IMP-
type carbapenemases [95].

Phee et al. examined colistin (1-2 mg/L) com-
bined with fusidic acid (1 mg/L; 16 mg/L for the 
colistin-resistant isolate) against six isolates of A. 
baumannii across 24  h [143]. All but a single 
colistin-resistant isolate were colistin-
heteroresistant, and all but the reference strain 
were either MDR, XDR or pandrug-resistant 
[PDR] according to the classification of 
Magiorakos et al. [106]. The majority of isolates 
contained OXA-23 clone 1 or 2, OXA-51 and 
OXA-23. Though bacterial killing with colistin 
monotherapy was virtually superimposable with 
that of the combination across the first 6 h for all 
heteroresistant isolates, by 24  h substantial 
regrowth had occurred with monotherapy but 
remained suppressed with combination therapy; 
bacterial killing and suppression of regrowth was 
also observed with the combination against the 
colistin-resistant isolate. Synergy was observed 
in all cases at 24 h (enhanced bacterial killing of 
~3–8 log10 CFU/mL). The combination also pre-
vented the emergence of colistin resistance, with 
little increase in MIC above baseline after 7 days 
of serial passage in the presence of both drugs 
compared with monotherapy. Park et  al. exam-
ined the combination of colistin (2  mg/L) with 
doripenem (8 mg/L) or tigecycline (2 mg/L; con-
centration representative of achievable tissue lev-
els) against 69 isolates of A. baumannii [137]. Of 
the isolates, 28 were MDR (100%, 0% and 25% 
susceptible to colistin, doripenem, and tigecy-
cline, respectively) and 41 XDR (51.2%, 7.3%, 
and 29.3% susceptible to colistin, doripenem, 
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and tigecycline, respectively). Of 35 isolates 
tested for the presence of the OXA carbapene-
mase gene, 34 (97.1%) contained OXA-23 
whereas only 2 (5.7%) carried the ISAba-
OXA-51 gene. At 24  h, the colistin/doripenem 
combination showed the highest rate of synergy 
in both the MDR (15 [53.6%] of 28 cases) and 
XDR (22 [53.7%] of 41 cases) groups; the equiv-
alent values for the colistin/tigecycline combina-
tion were 10 (35.7%) of 28 cases and 18 (43.9%) 
of 41 cases.

Finally, Ozbek and Mataraci [129] examined 
the activity of antibiotic lock therapy (ALT) with 
colistin plus clarithromycin against biofilm-
embedded A. baumannii using an in vitro antibi-
otic lock model involving segments of central 
venous catheters; ALT involves the instillation of 
high concentrations of an antimicrobial agent 
into the lumen of an infected central venous cath-
eter for extended periods to overcome the relative 
antimicrobial resistance of biofilm-embedded 
bacteria. Using two isolates of colistin-susceptible 
A. baumannii they found that against both strains 
colistin at 400× MIC completely eradicated bio-
film bacteria within 3 days, whereas the combi-
nation of colistin (400× MIC) plus clarithromycin 
(200 mg/mL; ~100× serum concentration) steril-
ized the biofilm in 2 days.

K. pneumoniae and Other Entero­
bacteriaceae  A small number of studies have 
examined polymyxin combinations specifically 
against KPC-producing bacteria, primarily K. 
pneumoniae [36, 60, 83, 148, 166, 184, 208]. 
Pournaras et al. examined colistin and tigecycline 
alone and in combination against eight KPC-
producing enterobacterial clinical strains (four K. 
pneumoniae, two Escherichia coli, one E. cloa-
cae and one Serratia marcescens) [148]; all pro-
duced KPC-2 carbapenemase and were 
colistin-susceptible. Each antibiotic was tested at 
1×, 2× and 4× MIC (range, 0.5–4 mg/L for colis-
tin and 0.25–16 mg/L for tigecycline) and experi-
ments conducted over 24  h. The colistin/
tigecycline combinations substantially improved 
bacterial killing across 24 h and was synergistic 
at 1× and 2× MIC against most organisms at 4 
and 8 h; at 4× MIC, synergy was maintained at 

24 h against all strains. Similar improvements in 
bacterial killing against four KPC-3-producing 
K. pneumoniae isolates were reported by Lee and 
Burgess with colistin or polymyxin B (both at 2× 
MIC; range, 0.125–0.5  mg/L for colistin and 
0.25–0.5 mg/L for polymyxin B) combined with 
doripenem (6  mg/L) [83]; all isolates were 
polymyxin-susceptible and doripenem-resistant. 
In that study, none of the monotherapy regimens 
sustained bactericidal killing at 24  h. However, 
colistin or polymyxin B plus doripenem combi-
nations maintained bactericidal activity across 
24 h against all isolates, achieving synergy at this 
time; synergy was maintained at 48 h in 2 (50%) 
of 4 isolates with colistin and all isolates with 
polymyxin B. MIC measurements were addition-
ally repeated at 24  h on all isolates following 
exposure to colistin or polymyxin B monother-
apy. All isolates developed polymyxin resistance 
(MICs, 8–128  mg/L) and cross resistance 
between colistin and polymyxin B was observed. 
In another study triple therapy with polymyxin B, 
doripenem and rifampicin (all at 0.25× MIC) was 
most effective against five MDR isolates each of 
K. pneumoniae (two with KPC and three with 
ACT-1 [AMPC-type] β-lactamases) and E. coli 
(one KPC-3 and four KPC-2 β-lactamases) [184]; 
all isolates were polymyxin B-susceptible and 
doripenem-resistant. Bactericidal activity was 
achieved against 4 (80%) of 5 isolates of K. pneu-
moniae and 5 (100%) of 5 isolates of E. coli at 
24 h. Monotherapy with any agent failed to pro-
duce bactericidal activity, whereas combinations 
utilising only two antibiotics were less effective 
with polymyxin B plus rifampicin bactericidal 
against only 1–2 (20–40%) of 5 isolates of each 
species; polymyxin B plus doripenem was bacte-
ricidal against only 1 (20%) of 5 K. pneumoniae 
isolates but 4 (80%) of 5 E. coli isolates. In 
another study, the combination of colistin 
(5 mg/L) plus fosfomycin (100 mg/L) was syner-
gistic at 24 h against only 1 (6%) of 17 KPC-2-
producing K. pneumoniae isolates [166].

Clancy et  al. examined colistin (2  mg/L) in 
combination with doripenem (8 mg/L) against 23 
KPC-2-producing strains of K. pneumoniae [36]; 
each strain contained a variant mutant opmK35 
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porin gene. The median colistin and doripenem 
MICs were 4 mg/L (range, 0.125–128 mg/L) and 
32  mg/L (range, 4–256  mg/L), respectively. 
Colistin MICs were > 2 mg/L against 14 (63%) 
of 23 strains. The colistin/doripenem combina-
tion was significantly more active at 12 and 24 h 
than either monotherapy against the four strains 
with doripenem MICs of ≤8 mg/L, with synergy 
at 24 h against all 4 strains. In contrast, there was 
no overall difference in median bacterial killing 
for strains with doripenem MICs >8 mg/L, with 
synergy reported at 24 h in 6 (32%) of 19 strains. 
There was no difference in synergy between 
strains with colistin MICs of ≤2  mg/L and 
> 2 mg/L at either 12 or 24 h. Notably, insertions 
encoding glycine and aspartic acid at amino acid 
(aa) positions 134 and 135 (ins aa134–135 GD; 
n  =  8) and ompK36 promoter IS5 mutations 
(n = 7) were associated with significantly higher 
doripenem MICs and diminished efficacy of 
colistin/doripenem combinations; in these cases, 
bacterial killing more closely resembled colistin 
monotherapy. However, other mutant/wild-type 
ompK36 strains demonstrated increased killing 
with the combination, even with elevated doripe-
nem MICs. The authors suggested that doripe-
nem MICs and ompK36 genotyping of KPC-K. 
pneumoniae may be useful for identifying strains 
most likely to respond to colistin/doripenem 
combination therapy. These results suggest that 
despite membrane permeabilization by a poly-
myxin potentially increasing access of doripe-
nem to target sites and allowing it to overcome 
hydrolysis by KPC, OmpK36 porins may also be 
necessary for synergy.

While the majority of studies (checkerboard 
and time-kill) examining polymyxin combina-
tion therapy against K. pneumoniae addressed 
KPC-producing strains, fewer studies address 
MBL-producing strains. Souli et  al. examined 
colistin (5 mg/L) in combination with imipenem 
(10 mg/L) against 42 unique clinical isolates of 
blaVIM-1-type MBL-producing K. pneumonia 
[167]. After 24  h exposure to the combination, 
synergy was reported against 12 (50%) of 24 
colistin-susceptible isolates, but antagonism was 
observed against 10 (55.6%) of 18 colistin-
resistant isolates. Interestingly, resistance to 

colistin (MICs 64–256 mg/L) was observed in 7 
(58.3%) of 12 isolates that were initially suscep-
tible to colistin. In contrast, none of four isolates 
initially susceptible to imipenem and which 
showed regrowth at 24 h developed resistance to 
imipenem. Tangden et  al. conducted more than 
200 time-kill experiments with 24 antibiotic regi-
mens including colistin (4.0 mg/L) in double and 
triple combinations with meropenem (6.8 mg/L), 
aztreonam (17 mg/L), fosfomycin (83 mg/L) and 
rifampicin (1.7  mg/L) against two VIM-1-type 
and two NDM-1-type K. pneumoniae strains (all 
colistin-susceptible; susceptibilities to the other 
antibiotics varied substantially) [177]. At 24  h, 
colistin plus fosfomycin was bactericidal and 
synergistic against three of the four strains (both 
NDM-1-types [each fosfomycin resistant] and 
one VIM-1-type), while the triple combination of 
colistin/fosfomycin/meropenem was bactericidal 
against three strains and synergistic against all 
strains. While colistin plus rifampicin was only 
synergistic at this time against both NDM-1-type 
strains, the addition of meropenem to this regi-
men resulted in bactericidal and synergistic activ-
ity against all strains; this triple combination was 
the most effective regimen overall. Double com-
binations of colistin with either meropenem or 
aztreonam produced synergy in only one strain, 
although the triple combination produced syn-
ergy in three of the four strains. Albur et  al. 
reported that colistin or CMS in combination 
with tigecycline did not increase bacterial killing 
against a range of NDM-1-producing 
Enterobacteraceae [4]; however, the concentra-
tions chosen in this investigation were extremely 
low (e.g. the maximum concentration of colistin 
used was 0.29 mg/L). Abdul Rahim et al. exam-
ined polymyxin B (0.5, 1 or 2 mg/L) plus chlor-
amphenicol (8, 16 or 32  mg/L) combinations 
against four NDM-producing K. pneumoniae 
strains (all polymyxin B-susceptible and -hetero-
resistant; three susceptible to chloramphenicol) 
[1]. Combination therapy significantly delayed 
regrowth, with synergy observed in 25 (89.3%) 
of 28 cases at both 6 and 24 h; at 24 h, no viable 
bacteria were detected in 15 (53.4%) of 28 cases 
with various combinations across all strains. The 
emergence of polymyxin-resistant bacteria was 

P. J. Bergen et al.



263

also completely suppressed with combination 
therapy. In another study, colistin/tigecycline 
combinations were synergistic against a single 
isolate of VIM-1- and SHV-12-producing K. 
pneumoniae, although colistin/ciprofloxacin 
combinations were indifferent against the same 
isolate [37].

Corvec et  al. combined colistin with tigecy-
cline, fosfomycin or gentamicin (each at 0.5×, 
1×, and 4× MIC) against a single strain of ESBL-
producing E. coli [40]. Colistin combined with 
tigecycline decreased bacterial counts at 24 h by 
~4.5- and 7-log10 CFU/mL compared with the 
initial inoculum and monotherapy, respectively. 
The colistin/fosfomycin combination was syner-
gistic at 6 h with no viable bacteria detected at or 
subsequent to this time. Colistin plus gentamicin 
was no better than either monotherapy alone 
(regrowth with both monotherapies had reached 
control values by 24 h). A similar study by Ku 
et  al. that employed nine ESBL-producing K. 
pneumoniae isolates (five carbapenem-resistant 
and four  – susceptible; one colistin-resistant) 
examined colistin combined with either tigecy-
cline or fosfomycin (all antibiotics at 0.25× or 
0.5× MIC) [80]. With concentrations of 0.5× 
MIC, synergy at 24 h was reported in 8 (88.9%) 
and 6 (66.6%) of 9 cases for the combinations 
with tigecycline and fosfomycin, respectively. 
However, synergy was absent with both combi-
nations when concentrations of 0.25× MIC were 
used.

In two further studies the combination of 
colistin and tigecycline had no benefit over 
equivalent monotherapy against a single isolate 
of OXA-48-producing carbapenem-resistant K. 
pneumoniae susceptible to both drugs [44], and 
only marginal benefit against six carbapenem-
resistant isolates of Enterobacter (E. coli [n = 2], 
K. pneumoniae [n = 2], E. aerogenes [n = 1] and 
E. cloacae [n = 1]) with varying resistance deter-
minants [18].

Other Bacteria  Against one reference strain and 
three clinical isolates of S. maltophilia (all with 
elevated MICs to each antibiotic), colistin 
(2 mg/L) combined with tigecycline (1 mg/L) or 
rifampicin (8 mg/L) was synergistic at 24 h in all 

cases except against one isolate and only with the 
colistin/tigecycline combination (a 1.7 log10 
CFU/mL reduction) [19].

16.2.3	 �PK/PD Time-Kill Studies

To date few studies have utilized PK/PD models 
to examine colistin in combination, while only 
one has employed polymyxin B. Gunderson et al. 
was the first to utilise a one-compartment PK/PD 
model to examine colistin in combination [67]. In 
that study colistin (steady-state peak concentra-
tion [Cmax] of 6 or 18 mg/L every 24 h; half-life, 
3 h) was combined with either ceftazidime (con-
stant concentration of 50 mg/L) or ciprofloxacin 
(Cmax 5 mg/L every 12 h; half-life, 3 h) against 
two colistin-susceptible MDR isolates of P. aeru-
ginosa; experiments were conducted over 48  h 
with an inoculum of ~106 CFU/mL. Although the 
combination of colistin plus ciprofloxacin gener-
ally produced poorer bacterial killing than with 
either drug alone, the authors reported the combi-
nation of colistin plus ceftazidime was synergis-
tic. However, in light of more recent understanding 
of colistin pharmacokinetics in both critically ill 
patients [63, 75, 108, 115, 146] and patients with 
CF [90] (Chap. 15), only one maximal concentra-
tion of colistin (6 mg/L) employed by Gunderson 
et  al. can be considered potentially clinically 
achievable [67]. Additionally, although the simu-
lated 3 h half-life of colistin is representative of 
that observed in patients with CF [90], colistin 
was administered as a single dose every 24  h. 
Given colistin is typically administered intermit-
tently to patients every 8–12  h, the colistin PK 
profile generated across a 24-h period was not 
representative of that observed in CF or critically 
ill patients. Moreover, although synergy was 
defined as a ≥2-log10 decrease in colony count 
relative to the count obtained with the more active 
of the two antibiotics alone at 24 h, it appears that 
only changes in log10 CFU/mL between colistin 
monotherapy and combination therapy were con-
sidered; when data for ceftazidime monotherapy 
(which was performed for only one of the two 
isolates tested) is considered, synergy was not 
observed.
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A small number of conference abstracts have 
appeared examining colistin in combination with 
meropenem [168], amikacin [131], and rifampi-
cin [9] against A. baumannii utilising PK/PD 
models. While combinations with meropenem 
and rifampicin were reported to be synergistic, 
there are significant limitations with all these 
investigations, not least of which is that it is 
unclear whether ‘colistin’ (which was dosed 
every 12  h) was administered as colistin (sul-
phate) or CMS (sodium). Additionally, in the two 
studies where PK data were reported [9, 168], 
‘colistin’ concentrations were determined using 
microbiological assays; as discussed in Chap. 6, 
microbiological assays are incapable of differen-
tiating between colistin present in a sample at the 
time of collection and colistin formed in vitro 
from administered CMS during the incubation 
period of the microbiological assay. Finally, as 
for the majority of investigations examining 
colistin combinations using time-kill methodol-
ogy, experiments were conducted for 24  h and 
used a single, generally lower inoculum 
(~5 × 105–106 CFU/mL). Given these limitations, 
while the synergy observed in these dynamic sys-
tems is interesting it is difficult to draw any firm 
conclusions from these studies.

More recent studies have systematically inves-
tigated polymyxin combination therapy, includ-
ing the emergence of polymyxin resistance, using 
in vitro PK/PD models [5, 16, 27, 39, 45, 68, 84, 
89, 100, 102, 103, 178, 201, 208]. Unfortunately, 
as was the case for Gunderson et  al. discussed 
earlier [67], a number of recent studies simulated 
a colistin half-life more representative of that 
observed in patients with CF (range: 4–4.7 h), not 
critically ill patients (Chap. 15) [5, 27, 39, 178, 
201]. Two studies were conducted over 24 h at a 
single, low inoculum (106  CFU/mL) [68, 100]. 
Consequently, these studies will not be consid-
ered below. Three studies utilized a 1-CM to 
examine colistin combinations against planktonic 
MDR isolates of P. aeruginosa [16], K. pneu-
moniae [45], and A. baumannii [84]. Two addi-
tional studies utilized a HFIM to examine colistin 
combinations against planktonic MDR isolates of 
P. aeruginosa [103] and a single KPC-producing 
isolate of K. pneumoniae [208]; one study uti-

lized polymyxin B against a single MDR isolate 
of A. baumannii [89]. Of these six studies, three 
combined colistin (constant concentrations of 
0.5, 2 or 5 mg/L across the studies) with doripe-
nem (Cmax of 2.5 or 25 mg/L every 8 h; half-life, 
1.5 h) against P. aeruginosa (one heteroresistant 
reference strain and one colistin-resistant 
MDR clinical isolate in the 1-CM study; two het-
eroresistant strains and one colistin-resistant 
MDR  clinical isolate in the HFIM study; all 
strains across the two studies doripenem-
susceptible) [16, 103] and K. pneumoniae (one 
heteroresistant reference strain and three MDR 
clinical isolates [one each of colistin-susceptible, 
-heteroresistant, and -resistant]; three strains 
doripenem-susceptible) [45]. Against A. bau-
mannii, one study combined colistin (constant 
concentrations of 0.5, 2 or 5 mg/L) with rifampi-
cin (Cmax of 5  mg/L every 24  h; half-life, 3  h) 
against one MDR-colistin-susceptible and one 
MDR-colistin-resistant isolate [84], whereas one 
combined polymyxin B (Cmax of 3.61 mg/L at 0 h, 
then Cmax of 2.41 mg/L every 12 h; half-life, 8 h) 
with meropenem (Cmax of 54.8  mg/L; half-life, 
1.5  h) and/or ampicillin/sulbactam (Cmax of 
132/70.2  mg/L; half-life, 1.5  h) [103]. Colistin 
(Cmax of 0.46 mg/L; half-life, 7 h) and fosfomycin 
(Cmax of 150  mg/L  mg/L; half-life, 2  h) were 
combined against a single KPC-2-expressing K. 
pneumoniae isolate (colistin- and fosfomycin-
susceptible) [208]. All 1-CM studies were con-
ducted at both a low (~106  CFU/mL) and high 
(~108 CFU/mL) inocula to account for the attenu-
ated activity of colistin at higher inocula [24], the 
latter mimicking the high bacterial densities 
found in some infections [107, 169]; all HFIM 
studies used only a single inoculum (~106, 108 or 
109  CFU/mL). One additional study examined 
colistin in combination with doripenem against 
MDR P. aeruginosa growing in a biofilm [102]. 
In all but one case colistin was administered as a 
continuous infusion to simulate the ‘flat’ profiles 
of formed colistin observed in critically ill 
patients at steady state across a CMS dosage 
interval [63, 146] (see Chap. 15). The concentra-
tions of colistin employed ranged from 0.46 mg/L 
to 5 mg/L. Given the bound fraction of colistin in 
human plasma is ~50% [115], minimal binding 
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of colistin in the growth media [12, 102], and that 
total (i.e. bound and unbound) plasma colistin 
concentrations of ~2–3  mg/L are typically 
achieved at steady state (with some patients 
achieving concentrations of up to ~10 mg/L) [63, 
108, 115, 146], these dosage regimens of colistin 
(and also polymyxin B) reflect clinically achiev-
able unbound (free) plasma colistin concentration-
time profiles in patients. Administration of the 
second, or in the case of polymyxin B, third drug 
(doripenem, rifampicin, meropenem, or ampicil-
lin/sulbactam) similarly reflected unbound 
plasma drug concentration-time profiles achieved 
in patients [17, 20, 79, 101, 154]. Studies were 
conducted across 72–96  h (1-CM) and 10–14 
days (HFIM).

Across the six above studies directed specifi-
cally against planktonic bacteria, combination 
therapy generally resulted in substantial improve-
ments in bacterial killing at both inocula. In many 
cases improvements in bacterial killing with 
combination therapy were dramatic. For exam-
ple, against a colistin-susceptible strain of A. 
baumannii at the 106 CFU/mL inoculum no via-
ble bacteria were detected at 24 h with colistin/
rifampicin combinations containing colistin 0.5 
or 2 mg/L, whereas regrowth to ~8 log10 CFU/mL 
had occurred at this time with equivalent colistin 
monotherapy [84]. At the 108 CFU/mL inoculum 
colistin (at either 2 or 5  mg/L) plus rifampicin 
increased bacterial killing across 72 h by as much 
as ~8 log10 CFU/mL and, with the highest dose 
colistin combination regimen (5 mg/L), resulted 
in no viable bacteria being detected following 
commencement of treatment. Similar improve-
ments were observed against the colistin-resistant 
isolate. In the HFIM (108  CFU/mL inoculum), 
while double polymyxin B combinations were 
largely ineffective against a single isolate of A. 
baumannii resistant to all investigated antibiot-
ics, the triple combination (polymyxin B plus 
meropenem and ampicillin/sulbactam) resulted 
in no viable bacteria being detected from 96  h 
onwards [89]. Against a colistin-susceptible 
(MIC 1 mg/L) doripenem-resistant (MIC 8 mg/L) 
isolate of K. pneumoniae, the combination of 
colistin at 0.5  mg/L plus doripenem at Cmax of 
2.5  mg/L at the low inoculum produced ~4- to 

5-log10-greater killing than equivalent monother-
apy at 48 and 72  h, whereas colistin at 0.5 or 
2 mg/L plus doripenem at Cmax of 25 mg/L at the 
high inoculum produced ~5- to 7-log10-greater 
killing at 48 and 72  h (with no viable colonies 
detected across the 72-h period on at least one 
occasion) [45]. Similar improvements were 
observed against two colistin-heteroresistant 
(MIC 1  mg/L) doripenem-susceptible 
(MIC<0.125) isolates, although only colistin at 
2  mg/L plus doripenem at Cmax of 25  mg/L 
resulted in enhanced bacterial killing of the 
colistin-resistant isolate and only at the low inoc-
ulum. In the HFIM (inoculum 106  CFU/mL), a 
single KPC-2-producing K. pneumoniae isolate 
was completely eradicated by a colistin (Cmax of 
0.46 mg/L)/fosfomycin (Cmax of 150 mg/L) com-
bination [208]. Against P. aeruginosa, combina-
tions containing colistin 0.5 or 2  mg/L plus 
doripenem at Cmax of 25 mg/L resulted in eradica-
tion of the colistin-resistant MDR isolate at the 
low inoculum and substantial reductions in 
regrowth (including to below the limit of detec-
tion at ~50  h) at the high inoculum (Fig.  16.4) 
[16]. For the same combination in the HFIM 
(colistin 2 or 5 mg/L plus doripenem at Cmax of 
25  mg/L), markedly enhanced bacterial killing 
was observed with each combination against both 
heteroresistant (and MDR) isolates across 
10  days, with only the combination containing 
colistin at 2  mg/L and only against one isolate 
failing to eradicate the bacteria [103]. Against the 
colistin-resistant isolate, both combinations 
enhanced bacterial killing by ~5–6 log10 cfu/mL 
on 3 days, with regrowth then occurring; regrowth 
approached control values by 10 days.

While subpopulation synergy may have con-
tributed to enhance bacterial killing against some 
isolates in the above investigations, it cannot 
explain enhanced activity against all isolates. For 
example, greater bacterial killing of P. aerugi-
nosa was observed with the colistin/doripenem 
combination against a colistin-resistant MDR iso-
late with near complete resistance to colistin 
(MIC, 128 mg/L) and which contained enzymes 
active against carbapenems [16, 103], and simi-
larly with the colistin/rifampicin combination 
against A. baumannii despite rifampicin 
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ordinarily being inactive against Gram-negative 
pathogens [84]. The triple combination of poly-
myxin B/meropenem/ampicillin/sulbactam erad-
icated also eradicated a clinical isolate of A. 
baumannii resistant to all antibiotics investigated 
[89]. In each case it may be that a form of mecha-
nistic synergy was operative due to permeabiliza-
tion of the outer membrane by colistin [207]. It is 
possible that increasing the permeability of the 
outer membrane resulted in substantially 
increased concentrations of β-lactam in the peri-
plasm, facilitating access to the cytoplasmic 

membrane where they act on penicillin-binding 
proteins [125, 199]. Similarly for rifampicin, 
which ordinarily does not effectively penetrate 
the Gram-negative outer membrane [191], 
increased membrane permeabilization may 
improve access to its target site within the cyto-
plasm. In this latter case, the substantial changes 
to the outer membrane of A. baumannii associ-
ated with the development of colistin resistance 
[71, 114] may additionally facilitate access to 
intracellular target sites.
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Fig. 16.4  Time-kill curves for colistin and doripenem 
monotherapy (Panels A and C) and the combination 
(Panels B and D) against a non-mucoid MDR-colistin-
resistant clinical isolate (19147 n/m) of P. aeruginosa at 
an inoculum of ~106  CFU/mL (left-hand panels) and 

~108 CFU/mL (right-hand panels). The y axis starts from 
the limit of detection and the limit of quantification (LOQ) 
is indicated by the horizontal broken line. (Figure adapted 
from Bergen et al. [16], with permission)
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An important feature common to the above six 
studies was the substantial reduction or, in some 
cases, complete suppression of the emergence of 
colistin-resistant subpopulations with combina-
tion therapy. As observed previously against all 
three bacterial species monotherapy with colistin 
generally resulted in substantial increases in the 
proportion of colistin-resistant subpopulations in 
colistin-susceptible or -heteroresistant isolates at 
both high and low inocula, often by as early as 
24  h. However, the addition of doripenem to 
colistin eliminated the emergence of colistin-
resistant colonies of K. pneumoniae [45] except 
at the lowest concentration combination tested 
(colistin 0.5 mg/L plus doripenem 2.5 mg/L) at 
the high (~108  CFU/mL) inocula. Against P. 
aeruginosa, resistant colonies were greatly 
reduced in number and emerged later (following 
72–96 h of treatment) with all colistin/doripenem 
regimens at both inocula in the 1-CM [16], with 
the most resistant subpopulations (i.e., those 
growing in the presence of colistin at 10 mg/L on 
the PAP plates) absent with combination therapy. 
In the HFIM, the same combination against P. 
aeruginosa completely eliminated colistin-
resistant subpopulations [103]. All three colistin/
rifampicin regimens (colistin 0.5, 2 or 5  mg/L 
plus rifampicin 5  mg/L) completely suppressed 
the emergence of colistin-resistant subpopula-
tions in a MDR-colistin-susceptible clinical iso-
late of A. baumannii such that at 72  h no 
colistin-resistant colonies were detected with any 
colistin/rifampicin combination at either inocu-
lum (Fig. 16.5) [84]. Two important observations 
arise from these investigations. First, although 
combination therapy with doripenem had no 
effect on colistin resistance of MDR-colistin-
resistant isolates of P. aeruginosa [16, 103] and 
K. pneumoniae [45], against A. baumannii the 
colistin/rifampicin combinations containing 2- or 
5-mg/L colistin reduced the pre-existing colistin-
resistant subpopulations of a colistin-resistant 
isolate to below the limit of detection at the low 
inocula, indicating that this combination may 
suppress the emergence of de novo colistin resis-
tance. Second, on the few occasions where exten-
sive regrowth (even up to ~7-log10 CFU/mL) 
occurred with combination therapy (with both 

doripenem and rifampicin), no colistin-resistant 
colonies were detected. While the reason for the 
observed regrowth despite an apparent lack of 
colistin resistance is unknown, this important 
finding suggests that combining doripenem or 
rifampicin with colistin may reduce the emer-
gence of colistin-resistant subpopulations.

An interesting observation to come out of the 
studies by Bergen et al. [16] and Ly et al. [103] 
and which has implication for future rational test-
ing of antibiotic combinations generally concerns 
the use of dynamic antibiotic concentrations sim-
ulating human PK when assessing the efficacy of 
combination therapy, and the duration over which 
such experiments are conducted. As discussed in 
the static time-kill section Bergen et  al. previ-
ously examined the combination of colistin and 
imipenem at multiple inocula (~106 and 
~108  CFU/mL) against multiple strains of P. 
aeruginosa using a static time-kill model [13]. In 
two subsequent PK/PD (dynamic) studies inves-
tigating colistin/doripenem, both isolates investi-
gated in the 1-CM study [16] and two of three 
isolates (the third isolate being an additional 
colistin-heteroresistant strain) in the HFIM study 
[103] were included in this earlier investigation. 
While the antibiotics and their concentrations 
between the three studies are not directly compa-
rable, the activity of colistin combined with either 
imipenem or doripenem was broadly similar 
across 48 h (the duration of the earlier study) at 
each inoculum against heteroresistant strains. 
However, substantial differences were evident 
against a colistin-resistant MDR  isolate. In the 
static model, combinations with concentrations 
as high as 32 mg/L colistin plus 16× MIC imipe-
nem failed to reduce bacterial numbers of this 
isolate to below the limit of detection at any time 
(maximum bacterial killing of ~3.5 log10 CFU/
mL). In stark contrast, bacterial eradication was 
achieved in the 1-CM (duration, 96 h) with com-
binations containing colistin (0.5 or 2 mg/L) and 
doripenem 25 mg/L no later than 24 h at the low 
inoculum, and bacteria reduced to below detect-
able levels at approximately 48 h with the same 
combinations at the high inoculum. With the 
higher initial inoculum in the HFIM (109 CFU/
mL), progressive bacterial killing occurred over 
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72–96 h (maximum bacterial killing of ~6 log10 
CFU/mL), but slow regrowth ultimately close to 
control values occurred over the subsequent 
7 days. Likewise, changes in PAPs with colistin/
imipenem combinations against heteroresistant 
isolates in the static time-kill model generally 
mirrored those observed with equivalent colistin 
monotherapy, whereas the emergence of colistin 
resistance was greatly reduced (1-CM) or com-
pletely suppressed (HFIM) with colistin/doripe-

nem combinations in the PK/PD models. Loss of 
imipenem due to degradation in the static experi-
ments may have contributed to this result (colis-
tin is stable under these conditions) [16], whereas 
intermittent dosing of doripenem in the PK/PD 
models replenished concentrations and avoided 
the combination effectively becoming colistin 
monotherapy over time. These observations high-
light the importance of simulating PK profiles 
when assessing the activity and emergence of 
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Fig. 16.5  (Left) Time-kill curves with various clinically 
relevant dosage regimens of colistin (Col) and rifampicin 
(Rif) alone and in combination at an inoculum of 
~106  CFU/mL (Panel A) and ~108  CFU/mL (Panel B) 
against a colistin-susceptible MDR  clinical isolate 
(FADDI-AB030) of A. baumannii. (Right) Population 
analysis profiles (PAPs) at baseline (0 h) and after 72-h 

exposure to colistin monotherapy, colistin-rifampicin 
combination therapy, or neither antibiotic (control). The y 
axis starts from the limit of detection and the limit of 
quantification (LOQ) is indicated by the horizontal broken 
line. (Figure adapted from Lee et  al. [84], with 
permission)
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resistance to antimicrobial therapy. Additionally, 
the regrowth that occurred in the HFIM following 
substantial initial killing across the first 72–96 h 
of therapy highlights the importance of longer 
durations of therapy to fully assess the effective-
ness of combinations.

While the above studies examined bacterial 
killing against planktonic cells, bacteria growing 
in a biofilm are protected from environmental, 
immune system and antimicrobial threats, mak-
ing them substantially more resistant to antibiotic 
treatment. Such resistance is evidenced by sub-
stantial increases in MICs and MBCs [41, 70, 
107]. The need for very high concentrations of 
colistin when used as monotherapy to achieve 
any substantial killing of biofilm-embedded bac-
terial cells has been demonstrated both in vitro 
[69, 72, 132] and in vivo [70]. Using a mouse 
lung infection biofilm model, Hengzhuang et al. 
[70] reported a colistin serum concentration of 
64× MIC (i.e. 128 mg/L) was required to achieve 
a 1 log10 decrease in CFU/lung. Such concentra-
tions are unattainable clinically and necessitate 
alternative strategies such as antibiotic combina-
tions in order to adequately treat biofilm 
infections.

Only one study has examined polymyxin 
combination therapy using dynamic antibiotic 
concentrations against bacteria growing in a bio-
film. Using a CDC biofilm reactor Lora-Tamayo 
et al. examined colistin (constant concentrations 
of 1.25  mg/L and 3.50  mg/L) in combination 
with doripenem (Cmax 25 mg/L every 8 h; half-
life, 1 h) over 72 h against P. aeruginosa [102]. 
One colistin-susceptible reference strain and two 
MDR-colistin-susceptible-carbapenem-resistant 
clinical isolates were employed, with bacterial 
killing of both biofilm-embedded and planktonic 
bacteria examined; each clinical isolate had been 
the cause of outbreaks in the Hospital 
Universitario de Bellvitge in Barcelona, Spain, 
and contained either a VIM-2 metallo-β-
lactamase or a PSE-1 β-lactamase plus a MexXY-
OprM efflux-pump. Against biofilm-embedded 
bacteria monotherapy with colistin at 1.25 mg/L 
was ineffective against the reference strain and 
produced only modest, non-bactericidal killing 
of the clinical isolates; colistin at 3.5 mg/L pro-

duced greater and more rapid initial killing 
against all three strains, but with subsequent 
regrowth by 72 h such that bactericidal activity 
was only observed at this time against one clini-
cal strain. The combination of colistin 1.25 mg/L 
plus doripenem showed some additive effects 
against biofilm-embedded bacteria during the 
first 24–32 h of treatment (Fig. 16.6, top panels), 
but was generally no better than colistin mono-
therapy against the clinical isolates. The combi-
nation of colistin 3.5  mg/L plus doripenem 
resulted in greater and more sustained killing 
than either corresponding monotherapy across 
72  h. Notably, against both clinical isolates 
greater initial killing (of ~2–3 log10 CFU/cm2 
compared to equivalent monotherapy) was 
observed and the combination remained syner-
gistic at 72 h (Fig. 16.6, top panels). Importantly, 
both colistin/doripenem combinations eliminated 
the emergence of colistin resistance against 
biofilm-embedded bacteria observed with the 
highest colistin monotherapy (3.50  mg/L) 
(Fig.  16.6, lower panels), and substantially 
reduced (colistin 1.25 mg/L plus doripenem) or 
eliminated (colistin 3.5  mg/L plus doripenem) 
the emergence of resistance in planktonic 
bacteria.

16.3	 �Animal Studies

Only a small number of animal studies have 
examined polymyxin combination therapy, pro-
viding mixed results. All these studies have uti-
lized colistin (or CMS). Unfortunately, there are 
a number of shortcomings with the existing lit-
erature which makes the results difficult to inter-
pret. Specifically, it is not always possible to 
ascertain whether the ‘colistin’ administered in 
these studies was colistin (sulphate) or CMS 
(sodium). In patients colistin is administered in 
the form of its inactive derivative, CMS, with the 
active species colistin forming in vivo following 
CMS administration (Chap. 7). However, in ani-
mal models the administration of colistin sul-
phate is preferable as it permits greater control 
over the PK profile of the active species, colistin. 
In a number of studies, it is unclear whether 
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colistin or CMS was administered [33–35, 58, 
64, 136, 195, 200]. Importantly, irrespective of 
the form of ‘colistin’ utilised, few studies provide 
a rationale for the doses of CMS/colistin admin-
istered with the majority of administered doses 
apparently chosen to reflect human doses on a 
mg/kg basis. However, such dosing fails to rec-
ognise the importance of animal scaling that 
results in PK dissimilarities across species [202], 
resulting in substantially lower plasma concen-
trations in the preclinical models. Adding to this 
difficulty is that PK data for CMS/colistin and 
second antibiotic are absent from virtually all 
investigations, preventing comparisons with PK 
profiles achieved in patients; such comparisons 
are crucial to adequately assess the likely value 
of the combination in the clinical setting. Where 
concentrations of antibiotics are measured, anti-

microbial assays are generally used for quantifi-
cation of antibiotic concentrations. As previously 
discussed, such assays are incapable of providing 
accurate information on the time-course of 
plasma concentrations of the prodrug (CMS) and 
the active entity (colistin). Given these shortcom-
ings results from animal studies will only be con-
sidered briefly here.

Yamagishi et al. used a murine thigh infection 
model to examine ‘colistin’ (16  mg/kg/12  h 
administered intraperitoneally [IP]) combined 
with aztreonam (400 mg/8 h; administered sub-
cutaneously [SC]) against five clinical isolates 
(two MDR) of P. aeruginosa [195]. Though the 
authors’ state the administered dosing regimens 
produce antimicrobial exposures similar to 
humans following IV administration of standard 
doses, the achieved concentrations of each agent 

Fig. 16.6  Upper panels: Bacterial killing by colistin 
(Col) alone at two different clinically relevant concentra-
tions, doripenem (Dor) alone, and in combination against 
biofilm-embedded cells of three different P. aeruginosa 
strains; results expressed using the log change method 
(log change = log10[CFUt] − log10[CFU0]). Lower panels: 
Emergence of colistin resistance (i.e. colonies able to 
grow in the presence of ≥4 mg/L colistin) among biofilm-

embedded P. aeruginosa across the treatment period with 
the same treatment regimens. Results expressed as the 
absolute number of recovered bacteria. For the lower pan-
els, the y axis starts from the limit of quantification. Data 
are presented as means ± standard deviation of the mean. 
(Figure adapted from Lora-Tamayo et  al. [102], with 
permission)
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were not reported. Compared to monotherapy, 
the combination at 24 h produced greater bacte-
rial killing (maximum additional killing ~1 log10 
CFU) against four of five isolates. Using mouse 
[34] and rat [33] sepsis models Cirioni et  al. 
examined ‘colistin’ (CMS or colistin sulphate not 
specified; 1  mg/kg) in combination with either 
imipenem (mouse model; 20 mg/kg) or rifampi-
cin (rat model; 10  mg/kg) against a reference 
strain and MDR clinical isolate of P. aeruginosa; 
all antibiotics were administered IV and once 
only. ‘Colistin’ plus either imipenem or rifampi-
cin resulted in significant reductions in bacterial 
counts across 72 h when compared with mono-
therapy with either drug, although only the colis-
tin/imipenem combination resulted in 
significantly lower mortality. Aoki et  al. exam-
ined the effect of CMS (administered either intra-
nasally (5 mg/kg/12 h) or subcutaneously (10 mg/
kg/12  h) in combination with either imipenem 
(30 mg/kg/12 h SC) or rifampicin (25 mg/kg/24 h 
orally) against a reference strain and MDR clini-
cal isolate of P. aeruginosa using a mouse pneu-
monia model [8]; treatment was continued for 
48 h. Whereas all control mice and mice treated 
with CMS, imipenem or rifampicin monotherapy 
died within 42 h of infection with the reference 
strain, the CMS plus imipenem or rifampicin 
combinations increased survival to 62.5% and 
75% at 72 h, respectively. A clear difference was 
observed in survival between mice treated with 
intranasal or SC CMS plus rifampicin (100% vs. 
14%; P < 0.01); intranasal CMS was also supe-
rior to CMS administered SC when combined 
with imipenem. Similar trends were observed 
with the MDR clinical isolate.

Against MDR A. baumannii, two studies 
found no differences in survival or bacterial 
clearance from the lungs in mouse pneumonia 
models with rifampicin monotherapy (IP: 25 mg/
kg/6 h or 25 mg/kg/24 h; rifampicin was the most 
active monotherapy) and rifampicin/CMS (IM; 
20 mg/kg/8 h or 40 mg/kg/6 h) combination ther-
apy [118, 130]. However, in the same model Yang 
et al. observed significantly fewer bacteria at 24 h 
in the lungs of mice treated IP with ‘colistin’ 
(10  mg/kg) and minocycline (50  mg/kg) com-
pared to monotherapy, with the combination pro-

ducing substantially greater survival at 7  days 
[200]. Against a single MDR isolate of A. bau-
mannii, Pantopoulou et al. found little difference 
in survival with CMS (3 mg/kg IM) or rifampicin 
(5 mg/kg IV) as mono- or combination therapy in 
a neutropenic rat thigh infection model, although 
in this investigation both antibiotics were admin-
istered as single doses only at the beginning of 
the experiment [136]. In a much larger study in a 
murine thigh infection model involving 15 exten-
sively drug-resistant (XDR) isolates of A. bau-
mannii, reductions in bacterial counts of >2log10 
CFU compared to monotherapy at 48  h were 
observed with the combinations of ‘colistin’ 
(20 mg/kg/8 h) and fusidic acid (500 mg/kg/8 h) 
or rifampicin (25 mg/kg/6 h) [58]; these combi-
nations were superior to colistin combined with 
meropenem (200 mg/kg/8 h), tigecycline (50 mg/
kg/24 h), fosfomycin (100 mg/kg/4 h), and sul-
bactam (120  mg/kg/12  h). In a mouse sepsis 
model, the addition of sulbactam (240  mg/
kg/12 h IP) to CMS (5 mg/kg/12 h IP) had no sig-
nificant effect on bacterial counts of a single 
carbapenem-resistant (OXA-51-, OXA-58- and 
PER-1-positive) isolate of A. baumanni [47]. 
However, in a mouse sepsis model involving two 
clinical isolates (1 MDR) of A. baumannii, 
Cirioni et al. recently showed a single a dose of 
‘colistin’ (1  mg/kg) plus either daptomycin 
(7 mg/kg) or teicoplanin (7 mg/kg) administered 
IP substantially enhanced survival at 72 h [35]. In 
that study lethality rates against the susceptible 
isolates were 100% in the control group, 80% 
with daptomycin or teicoplanin alone, 50% with 
colistin alone, 10% with colistin/daptomycin and 
15% with colistin/teicoplanin; lethality rates 
were similar against the MDR isolate. The com-
binations also significantly reduced the number 
of bacteria in intraabdominal fluid.

Giacometti et al. examined ‘colistin’ (CMS or 
colistin sulphate not specified; 1 mg/kg) in com-
bination with piperacillin (60 mg/kg) against E. 
coli in a rat intraperitoneal infection model [64]. 
Following a single IP administration of antibiot-
ics, mortality at 48 h was 93.3%, 33.3%, 33.3%, 
and 0% for controls, ‘colistin’ monotherapy, 
piperacillin monotherapy, and the ‘colistin’ plus 
piperacillin combination, respectively. More 
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recently, Michail et al. examined several combi-
nations of tigecycline (50 mg/kg/24 h SC) includ-
ing with CMS (40 mg/kg/8 h SC) against eight 
clinical isolates of K. pneumoniae and two iso-
lates (one clinical isolate and one reference 
strain) of E. coli in a murine thigh infection 
model [113]; all organisms produced KPC-2 car-
bapenemase and were susceptible to colistin. As 
monotherapy, CMS exhibited substantially less 
bacterial killing than tigecycline. In combination, 
bacterial killing at 48 h was either essentially the 
same as tigecycline monotherapy or, in 4 (40%) 
of 10 cases, antagonistic. However, as antago-
nism was broadly defined as simply a lower log10 
CFU reduction with combination therapy com-
pared to monotherapy, the magnitude of this 
antagonism is unclear. Demiraslan et al. similarly 
examined the combination of CMS (5 mg/kg/12 h 
IP) and tigecycline (20 mg/kg/12 h IP) against a 
single OXA-48-producing carbapenem-resistant 
isolate of K. pneumoniae using a sepsis mouse 
model [44]; this strain was also positive for bla-

TEM-1 and blaCTX-M-15 genes and was susceptible to 
both colistin and tigecycline. The combination 
was tested against both immunocompetent and 
immunosuppressed mice. In both sets of mice, 
bacterial counts at 24 and 48 h in liver and lung 
samples were decreased by both CMS and tige-
cycline monotherapy compared to controls, how-
ever there was no significant difference between 
the most active monotherapy (CMS) and combi-
nation therapy at this time. Mutlu Yilmaz et  al. 
likewise found no differences in efficacy between 
CMS (1.25 mg/kg/6 h IP) and tigecycline (10 mg/
kg/12 h IP) monotherapy and combination ther-
apy across 48 h against a single MDR strain of A. 
baumannii using a rat pneumonia model [122].

Only one study has specifically examined 
polymyxin combinations against biofilms in vivo 
[102], most likely due to a lack of suitable mod-
els. Bacterial cells growing within a biofilm are 
often substantially more resistant than planktonic 
cells to antibiotic treatment due to the self-
produced polymeric matrix that protects the cells 
from environmental, immune system and antimi-
crobial threats [41, 48, 107, 121]. With increased 
MICs and minimum bactericidal concentrations 
(MBCs) of polymyxins associated with biofilm 

infections [69, 70], and increasing multidrug-
resistance generally, alternative strategies such as 
polymyxin combination therapy have been sug-
gested for treatment of biofilm infections [102]. 
Corvec et al. employed a foreign-body infection 
model involving the implantation of Teflon cages 
into guinea pigs (four cages/guinea pig) to inves-
tigate the activity of antibiotic combinations 
including colistin (15  mg/kg) in combination 
with fosfomycin (150  mg/kg), gentamicin 
(10 mg/kg) and tigecycline (10 mg/kg) [40]; all 
antibiotics were administered 12-hourly IP for 
4 days. A single extended-spectrum-β-lactamase 
(ESBL)-producing clinical strain of E. coli sus-
ceptible to all antibiotics tested was employed. 
Although the authors reported significantly lower 
(>3 log10 CFU/mL) bacterial counts (and there-
fore greater bacterial killing) with each combina-
tion immediately and 5 days after the treatment 
period against planktonic bacteria aspirated from 
cage fluid, it appears that comparisons of combi-
nation therapy were only made against gentami-
cin or tigecycline monotherapy without including 
colistin or fosfomycin monotherapy. When the 
latter are included the differences in bacterial 
killing appear not to be as great immediately fol-
lowing therapy, although in all cases combina-
tions did result in substantially improved bacterial 
killing relative to monotherapy 5 days following 
cessation of treatment. Against biofilm-embedded 
bacteria 5 days following discontinuation of anti-
biotic therapy, only monotherapy with fosfomy-
cin was able to eradicate some biofilms (cure rate 
of 17%; cure rate defined as the percentage of 
total cages without E. coli growth). However, the 
combinations of colistin with fosfomycin, tigecy-
cline and gentamicin significantly increased the 
cure rate to 67%, 50% and 33%, respectively.

Two research group have employed an inver-
tebrate model of the wax moth caterpillar 
Galleria mellonella which has been proposed as 
an inexpensive an easy alternative to mammalian 
models to generate reliable and reproducible data 
on microbial virulence similar to that obtained 
using higher animals [31, 76, 159]. One group 
examined the activities of colistin (2.5  mg/kg)/
glycopeptide (vancomycin and teicoplanin, 
10 mg/kg) [74] or colistin (2.5 mg/kg)/telavancin 
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(10  mg/kg) [73] combinations against A. 
baumannii-infected caterpillars (1 ATCC refer-
ence strain and 1 MDR clinical isolate) over 96 h. 
In 5 (83%) of 6 cases (3 combinations across 2 
isolates) combinations significantly enhanced the 
survival of larvae compared with monotherapy. 
Other similar experiments by the same group 
examined a colistin (0.25  mg/kg)/tigecycline 
(1  mg/kg) combination against carbapenem-
resistant Enterobacteriaceae (six strains compris-
ing E. coli (n  =  2), Enterobacter aerogenes 
(n  =  1), Enterobacter cloacae (n  =  1) and K. 
pneumoniae (n = 2)) [18], and the same combina-
tion plus a colistin (0.25  mg/kg)/rifampicin 
(10  mg/kg) combination against two strains of 
Stenotrophomonas maltophilia [19]. The colistin/
tigecycline combination significantly improved 
survival against all Enterobacteriaceae isolates 
and 1 (50%) of 2 S. maltophilia isolates, while 
the colistin/rifampicin combination significantly 
improved survival in both S. maltophilia isolates. 
More recently, another group has undertaken 
similar experiments over 96 with colistin (2.5 mg/
kg) combined with vancomycin (15  mg/kg; 
n  =  4) [198], levofloxacin (6.7  mg/kg; n  =  4) 
[192] and daptomycin (4  mg/kg; n  =  2) [196] 
against A. baumannii and colistin (2.5  mg/kg) 
combined with imipenem (15  mg/kg; n  =  2) 
against E. cloacae [197]; all studies included at 
least 1 MDR isolate. With the exception of the 
colistin/vancomycin combination that was less 
effective than vancomycin monotherapy against a 
colistin-resistant isolate, in all cases combination 
therapy significantly improved survival com-
pared to monotherapy.

Clearly, future animal studies investigating 
polymyxin combination therapy which adminis-
ter colistin (sulphate) or polymyxin B and which 
provide the crucial PK data currently lacking in 
existing studies are urgently required. Such 
investigations will be crucial to build on the 
knowledge gained from in vitro studies (dis-
cussed above) and are essential to optimise poly-
myxin therapy.

16.4	 �Clinical Studies of CMS or 
Polymyxin B Combination 
Therapy

Very few studies have formally assessed the ben-
efit of CMS (the sulphomethylated derivative of 
colistin and the form administered intravenously 
[IV]) or polymyxin B combinations, and those 
that have are commonly retrospective in nature. 
Although a small number of investigations have 
been undertaken prospectively, these tend to con-
tain small patient numbers and are thus low pow-
ered. Additionally, the doses of antibiotics 
administered, including polymyxins, are often 
not stated and PK data is absent. The majority of 
the data reviewed here is taken from studies seek-
ing to ascertain their general benefit in patients. 
Studies that have assessed CMS or polymyxin B 
for a variety of MDR Gram-negative pathogens 
and infection sites combined into single studies 
have been inconclusive in differentiating between 
the value of monotherapy and combination ther-
apy [54–57, 145, 181]. This section will focus on 
those studies that provide the greatest insight into 
specific situations where polymyxin combination 
therapy appears to be of promise or significant 
value.

Klebsiella pneumoniae  A retrospective cohort 
analysis by Qureshi et al. examined the utility of 
combination therapy in treating KPC-producing 
K. pneumoniae bacteraemia [150]. In total, 41 
patients with genetically confirmed infections 
were included with a majority (32 [78%] of 41) 
being hospital acquired and the remainder (9 
[22%] of 41) health care associated. The primary 
outcome was 28-day mortality which, among all 
patients that received definitive antibiotic therapy 
for >48 h, was 38.2% (12/34; 7 patients did not 
receive definitive antibiotic therapy). Treatments 
varied extensively. Nineteen patients received 
monotherapy with most receiving CMS or poly-
myxin B (n = 7), tigecycline (n = 5), or a carbape-
nem (imipenem or meropenem; n = 4); 15 patients 
received combination antibiotics. For combina-
tion therapy, CMS or polymyxin B were com-
bined with unspecified carbapenems (n  =  5), 
tigecycline (n = 1) or a fluoroquinolone (n = 1) 
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while the most common polymyxin-free combi-
nation was tigecycline with either a carbapenem 
(n = 3) or aminoglycoside (n = 2). The doses of 
each antibiotic administered were not reported. 
Combination treatment was the only significant 
predictor of survival (p  =  0.02) with a 28-day 
mortality of 13.3% (2/15) compared to 57.8% 
(11/19) for monotherapy. Of specific interest, 1 
patient receiving CMS or polymyxin B (which 
polymyxin was not stated) in combination died 
compared with 4 (57.1%) of 7 patients that 
received polymyxin monotherapy. The incidence 
of mortality in patients receiving polymyxin 
monotherapy was higher than that reported by 
Dubrovskaya et al. with polymyxin B monother-
apy against KPC producing K. pneumoniae 
(57.1% [4/7] vs. 18% [7/40]) [49]. This differ-
ence is likely due to the greater severity of infec-
tion in the patients in the former study who were 
mostly critically ill. All of the deaths in this stud-
ied occurred despite K. pneumoniae having MICs 
within the susceptible range for each of the 
respective antibiotics administered, highlighting 
the suboptimal use of CMS and polymyxin B 
especially as monotherapy.

A case control study conducted in Greece pro-
duced similar results for KPC producing K. pneu-
moniae bloodstream infections. Zarkotou et  al. 
identified 35 patients that received appropriate 
antimicrobial therapy (considered susceptible to 
the respective antibiotic using EUCAST Clinical 
Breakpoints), a subset of which received CMS 
[203]. None of 20 patients administered multiple 
antibiotics died compared to 7 (46.7%) of 15 
patients receiving monotherapy. Of the patients 
that received combination treatment, 14 were 
administered CMS whereas 7 received CMS as 
monotherapy; in this latter group mortality was 
66.7% (4/7). The most common combination was 
CMS plus tigecycline (n = 9), while unspecified 
carbapenems were combined with CMS in an 
additional 2 patients. Unfortunately, the doses of 
each antibiotic administered were not specified. 
Nevertheless, this data provides qualified support 
for the use of combination regimens including 
colistin (administered as CMS) against KPC-
producing K. pneumoniae bacteraemia. Another 

study conducted in Italy similarly compared 
monotherapy to combination treatment in a larger 
population of 125 patients with KPC-producing 
K. pneumoniae bacteraemia [182]. CMS was 
administered as monotherapy in 22 patients and 
in combination in 51 patients (combined with 
[No. of patients]: tigecycline [23], gentamicin 
[7], meropenem [4], tigecycline plus meropenem 
[16], gentamicin plus meropenem [1]). The dose 
of CMS administered in both groups was six to 
nine million international units (IU; equivalent to 
180–270 mg of colistin base activity [CBA]) IV 
every 8–12  h following an unspecified loading 
dose. Thirty-day mortality was significantly 
reduced with combination therapy (34.1%; 
27/79) compared to monotherapy (54.3%; 25/46). 
Of the 22 patients that received CMS monother-
apy, 11 (50%) died; unfortunately, individual 
mortality rates for each combination regimen 
were not stated. The triple combination of colis-
tin, tigecycline, and meropenem was the only 
drug regimen reported as significantly more com-
mon in the survivor group. However, it must not 
be overlooked that this finding may be the result 
of the triple combination also being the most 
common carbapenem-containing combination 
regimen. This study again confirms the impor-
tance of combination therapy in KPC-producing 
K. pneumoniae bacteraemia and emphasizes the 
benefit of including a carbapenem with 
CMS. Further studies are warranted to optimize 
specific combination regimens.

Overall, the available clinical data supports 
the use of combination antibiotic regimens over 
monotherapy for KPC-producing K. pneumoniae 
bacteraemia, especially those containing either 
CMS or polymyxin B in combination with a car-
bapenem or tigecycline [150, 182, 203]. Since 
KPC strains hydrolyze carbapenems, the evi-
dence that mortality is reduced by the combina-
tion of a carbapenem and a polymyxin is of 
interest. Results from an investigation by Daikos 
et al. further support the use of a carbapenem in 
addition to another agent to treat KPC-producing 
K. pneumoniae, suggesting that if the infecting 
pathogen has a carbapenem MIC of ≤4  mg/L, 
combination therapy may reduce mortality com-
pared to other non-carbapenem combinations 
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[42]. The type and severity of infection caused by 
KPC-producing K. pneumoniae may be an 
important factor in dictating the utility of poly-
myxin combination therapy. More severe infec-
tions (i.e. bacteraemia) have benefited from 
combinations with these drugs [150, 182, 203], 
whereas the cumulative assessment of all types of 
infection including patients who were consider-
ably less ill, suggests monotherapy with a poly-
myxin may be sufficient [49]. Further, 
KPC-producing K. pneumoniae pneumonia and 
bacteraemia with pneumonia as its source of 
infection have both been associated with higher 
mortality and underline clinical scenarios where 
monotherapy appears insufficient for most 
patients. This lack of success in treating pneumo-
nia based infections with monotherapy may be 
the result of low polymyxin concentrations at the 
site of infection in the lungs where supplemental 
antibiotics would in theory be useful [75, 209]. 
Further studies in this regard are warranted.

Pseudomonas aeruginosa  Conway et  al. pro-
spectively treated patients with cystic fibrosis 
(CF) chronically colonized with P. aeruginosa 
and experiencing an acute respiratory tract exac-
erbation with CMS monotherapy or combination 
therapy in an effort to define the benefit of mul-
tiple P. aeruginosa coverage in these patients 
[38]. Patients treated with monotherapy (n = 36) 
received 160 mg CMS (two million IU [equiva-
lent to 60 mg CBA]) IV every 8 h while those 
receiving combination therapy (n = 35) received 
the same CMS dose with additional aztreonam, 
azlocillin, piperacillin, ceftazidime, imipenem or 
ciprofloxacin. By Day 12 all patients showed 
clinical improvement based on clinical measure-
ment, patient weight, Shwachman-Kulczycki 
score, Chrispin-Norman and Northern chest 
radiograph scores. However, combination treat-
ment resulted in significantly more patients 
returning to a normal C-reactive protein level at 
this time suggesting less inflammatory activity in 
the lungs. The authors concluded that IV CMS 
was effective in treating acute respiratory exacer-
bations of P. aeruginosa as monotherapy or com-
bination therapy.

Linden et  al. conducted a prospective study 
that compared treatment efficacy of CMS mono-
therapy (n = 10) and combination therapy (n = 13) 
in 23 patients infected with MDR P. aeruginosa 
[98]; 21 patients were critically ill, defined as 
having at least 2 major organ system failures dur-
ing the study. The types of infection varied with 
the most common being pneumonia (n  =  18), 
bacteraemia (n  =  8) and intra-abdominal infec-
tions (n = 6). For patients in both monotherapy 
and combination treatment groups, CMS was 
administered IV based on ideal body weight and 
estimated creatinine clearance (range: ~2.7–
13.3  mg/kg/day; equivalent to ~33,000–
167,000  IU/kg/day or 1–5  mg CBA/kg/day). 
Amikacin or an antipseudomonal β-lactam was 
added to CMS for patients in the combination 
group. An unfavourable response, defined as per-
sistence or worsening of presenting signs and 
symptoms or death, was reported for 4 (40%) of 
10 patients receiving only CMS and 5 (38.5%) of 
13 patients on combination therapy. However, 11 
patients had other co-infecting pathogens which 
may have confounded the results. Based on this 
data it is evident that colistin provides an impor-
tant ‘salvage’ option for patients who have failed 
or are resistant to other antipseudomonal thera-
pies, but it cannot support the use of combination 
treatment. In a similar study by Furtado et  al., 
polymyxin B combinations (most commonly 
combined with imipenem) did not provide addi-
tional benefit over polymyxin B monotherapy for 
pneumonia caused by MDR P. aeruginosa [59]. 
Polymyxin B was dosed based on creatinine 
clearance (1.5–2.5  mg/kg/day when CrCl 
≥80  mL/min; 2.5  mg/kg on Day 1, then 1.0–
1.5 mg/kg/day thereafter when CrCl 30–80 mL/
min; 2.5  mg/kg on Day 1, then 1.0–1.5  mg/kg 
every 2–3  days thereafter when CrCl <30  mL/
min; 2.5 mg/kg on Day 1, then 1.0 mg/kg every 
5–7 days thereafter) and, unusually, was adminis-
tered by continuous infusion over 24  h rather 
than in divided intervals (usually every 12  h). 
There was no difference in favourable outcomes 
(defined as partial resolution of signs and symp-
toms by the end of treatment; unfavourable was 
the persisting or worsening of signs and symp-
toms or death during treatment) between the 
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groups (14 [50.0%] of 28 vs. 21 [45.7%] of 46 in 
patients receiving combination therapy and 
monotherapy, respectively). Based on these data, 
the authors suggested polymyxin B monotherapy 
would be an appropriate ‘salvage’ option for 
MDR P. aeruginosa pneumonia, although the 
overall low favourable outcome rate (47.3%) rel-
ative to other studies may suggest against admin-
istering it as a continuous infusion.

To our knowledge, no clinical studies to date 
support the use of CMS or polymyxin B based 
combinations in favour of polymyxin monother-
apy for treatment of infections caused by MDR P. 
aeruginosa. Existing data regarding CMS or 
polymyxin B combinations in humans is limited 
with studies frequently pooling patients with 
many types and sites of infection and varying 
degrees of severity, limiting the usefulness of the 
results obtained [38, 59, 98]. Further, more 
focussed studies are warranted which may assist 
to identify subsets of patients that benefit from 
combination therapy.

Acinetobacter baumannii  In a recent prospec-
tive study, Aydemir et al. compared CMS mono-
therapy (n = 22) to a combination of CMS and 
rifampicin (n  =  21) for ventilator-associated 
pneumonia (VAP) caused by carbapenem resis-
tant A. baumannii [10]. CMS was administered at 
300  mg CBA/day IV in three divided doses 
adjusted for renal impairment based on the man-
ufacturer’s recommendations; rifampicin was 
administered nasogastrically at a dose of 600 mg/
day. No difference in the primary endpoint of 
clinical response was observed between the two 
groups (40.9% for monotherapy, 52.4% for com-
bination; p  =  0.654), however microbiological 
clearance (a secondary endpoint) was obtained 
significantly more quickly with combination 
therapy (4.5  ±  1.7  days for monotherapy, 
3.1 ± 0.5 days for combination; P = 0.029).

It is important to note that in the studies dis-
cussed above, CMS was dosed according to the 
product information which likely cannot achieve 
high enough plasma concentrations to optimally 
treat severe infections for all patients. In order to 
more rapidly attain higher plasma concentrations 

recent studies have suggested the use of a loading 
dose of nine million IU of CMS (equivalent to 
~270 mg of CBA) followed by nine million IU 
per day in divided doses instead of the six million 
IU (equivalent to ~180 mg of CBA) received by 
many of the patients reviewed above [43, 55, 
108]; administration of higher doses of poly-
myxin B have also been suggested [52]. Non-
traditional ‘front loaded’ or ‘burst’ polymyxin 
regimens (e.g. high dose, short duration poly-
myxin at the start of therapy, with lower overall 
exposure), especially in combination, require fur-
ther analysis in patients in order to fully define 
their therapeutic role in the management of MDR 
Gram-negative infections. Since the mortality 
rate remains high for infections with KPC-
producing K. pneumoniae, P. aeruginosa and A. 
baumannii, it is critical to continue to investigate 
optimal dosing strategies for polymyxins, includ-
ing the role of combination therapy. Given the 
limitations associated with existing clinical data 
future randomized controlled trials with robust 
study designs are urgently required to more fully 
understand the utility of CMS or polymyxin B 
based combinations [138].

16.5	 �Randomized Controlled 
Trials Evaluating Polymyxin 
Combinations

Although there are no adequately powered pub-
lished randomized controlled trials (RCTs) to 
examine whether therapy with polymyxins (poly-
myxin B or colistin) administered in combination 
with another active agent is superior to poly-
myxin B or colistin monotherapy against 
carbapenem-resistant Enterobacteriaceae or 
carbapenem-resistant P. aeruginosa infections, 
there are recent RCTs in evaluating polymyxin 
combinations against MDR A. baumannii. The 
first open label RCT comparing synergistic com-
binations with monotherapy was a prospective 
study by Durante-Mangoni et al. who conducted 
a larger (n = 209) multi-centre prospective study 
examining CMS/rifampicin combinations against 
extensively drug resistant A. baumannii [51]; 
extensively drug resistant was defined as an MIC 
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≥16  mg/L for carbapenems and resistant to all 
other antibiotics except colistin. Patients were 
allocated to receive either CMS (160 mg or two 
million units; equivalent to ~60  mg CBA; 
n = 105) every 8 h IV as monotherapy or CMS 
(same dose) plus rifampicin 600 mg every 12 h 
IV (n  =  105). Most patients had VAP (69.8%) 
while the remainder had bloodstream infections 
(20.1%), hospital acquired pneumonia (8.6%), or 
intra-abdominal infections (2.4%). Although 
there was no difference between monotherapy 
and combination therapy for the primary end-
point of 30-day mortality, eradication of A. bau-
mannii was significantly higher with the addition 
of rifampicin (60.6% vs 44.8%, P  =  0.034). 
Additionally, the risk of death within 30 days was 
similar between combination therapy and mono-
therapy (OR = 0.88, 95% CI 0.46–1.69; P = 0.71) 
despite a significantly improved microbiological 
cure rate in patients receiving colistin + rifampin 
(P  =  0.034) with no resistance developing in 
either arm. No colistin loading dose was adminis-
tered and the maximum daily maintenance dose 
was low by current standards.

In another, open label, prospective, random-
ized trial of 94 patients with carbapenem-resistant 
A. baumannii (CRAB) infections, subjects were 
randomised to receive colistin alone or colistin + 
fosfomycin for 7–14 days [164]. Some patients in 
both groups received other antibiotics; for exam-
ple, 17.0% and 8.5% of patients in the monother-
apy and combination groups, respectively, 
received a carbapenem. There was no difference 
between monotherapy and combination therapy 
arms in infection-related (23.1% vs. 16.3%; 
P  =  0.507) or all-cause mortality (57.4% vs. 
46.8%; P  =  0.41). However, the patients who 
received combination therapy had a significantly 
more favourable microbiological response than 
those who received colistin alone. Interestingly, 
microbiological cure in the first 72 h (65.7% vs. 
78.8%; P  =  0.028) and at the end of treatment 
(84.5% vs. 100%; P = 0.023) was greater in the 
combination arm.

Recently, Paul et al. conducted a randomized 
controlled superiority trial in 406 patients com-
paring colistin monotherapy with colistin (nine 
MIU or 300 mg CBA/day) + high dose extended 

infusion meropenem combination therapy for the 
treatment of carbapenem-resistant Gram-negative 
bacilli [139]. Patients with bacteraemia, 
ventilator-associated pneumonia, hospital-
acquired pneumonia, or urosepsis caused by 
carbapenem-non-susceptible Gram-negative bac-
teria were included. Patients received either intra-
venous colistin (9-million unit loading dose, 
followed by 4.5 million units twice per day) or 
colistin with meropenem (2-g prolonged infusion 
three times per day). The primary outcome was 
clinical failure, defined as not meeting all success 
criteria by intention-to-treat analysis, at 14 days 
after randomisation. Most infections were caused 
by A. baumannii (312/406, 77%), although some 
infections were due to CRE and carbapenem-
resistant P. aeruginosa. No significant difference 
between colistin monotherapy (156/198, 79%) 
and combination therapy (152/208, 73%) was 
observed for clinical failure at 14 days (risk dif-
ference − 5.7%, 95% CI -13.9 to 2.4; risk ratio 
[RR] 0.93, 95% CI 0.83–1.03). Results were sim-
ilar among patients with A. baumannii infections 
(RR 0.97, 95% CI 0.87–1.09). No differences 
were noted in clinical failure (76% vs. 71%; 
P  =  0.22) or 28-day mortality (41% vs. 41%; 
P = 0.84) in comparing monotherapy and combi-
nation therapy arms. All-cause 28-day mortality 
was 86 (43%) of 198 patients treated with colistin 
monotherapy and 94 (45%) of 208 patients 
treated with combination therapy. Combination 
therapy increased the incidence of diarrhea (56 
[27%] vs 32 [16%] patients) and decreased the 
incidence of mild renal failure (37 [30%] of 124 
vs 25 [20%] of 125 patients at risk of or with kid-
ney injury). There were no significant differences 
(6% for monotherapy versus 5% for combination 
therapy; P = 0.77) noted as it relates to colistin-
resistance during or after therapy or isolation of 
new carbapenem-resistant bacteria. As it relates 
to infection type, most patients had hospital-
acquired or ventilator associated pneumonia or 
bacteraemia (355/406, 87%).

Finally, there is an ongoing RCT comparing 
colistin monotherapy to colistin plus meropenem 
combination therapy for the management of inva-
sive infections due to carbapenem-resistant 
Gram-negative organisms (https://clinicaltrials.
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gov/ct2/show/NCT01597973). Data from this 
study, should further elucidate the role of poly-
myxin combinations. Furthermore, given the 
potential advantages of polymyxin B over colis-
tin, clinical data assessing the impact of poly-
myxin B-based combination regimens are 
needed. Future studies should also address the 
impact of infection site and resistance mecha-
nisms on the effectiveness of combination 
therapy.

16.6	 �Conclusions and Future 
Directions

In general, the in vitro data for polymyxin combi-
nation therapy suggests a potential benefit with 
many drug combinations, particularly so when 
only the more sophisticated PK/PD models are 
considered. A common finding is that low, sub-
MIC (yet clinically achievable) concentrations of 
polymyxins (e.g. 0.5 mg/L) in combination with 
another agent may significantly enhance bacterial 
killing even when resistance to one or more of the 
drugs in combination is present. This may be true 
not only when the second drug would normally 
be active against the particular bacterial species 
but also with agents such as the glycopeptides 
that should ordinarily have no effect on Gram-
negative organisms due to the relative imperme-
ability of the outer membrane. Such an 
observation is important as total (i.e. bound and 
unbound) plasma concentrations of colistin (fol-
lowing IV administration of CMS) and poly-
myxin B are typically in the range of ~2–3 mg at 
steady state, although a proportion of patients 
will achieve lower plasma concentrations (Chap. 
15) [63, 81, 85, 90, 115, 146, 156, 157, 204]. 
Given this situation it may nevertheless be possi-
ble to enhance bacterial killing with polymyxin 
combination therapy even in patients who achieve 
low plasma concentrations with standard dosage 
regimens. Alternatively, it may be possible to 
take advantage of increased bacterial killing at 
low plasma concentrations by using lower-than-
normal doses of polymyxins, especially given the 

toxicity concerns associated with their use (dis-
cussed in Chap. 17).

A close look at the existing in vitro data on 
combination therapy also reveals that even when 
improvements in bacterial killing were not 
observed at later time points (e.g. 24 or 48 h), in 
many cases there were improvement in initial 
killing (e.g. up to 6 h). While regrowth obviously 
occurred in these situations it must be remem-
bered that the in vitro models used lack the 
immune components present in vivo. Thus, in an 
immunocompetent host combination therapy at 
the commencement of treatment may help to 
quickly reduce bacterial levels to facilitate clear-
ance by the immune system. Importantly, the few 
studies undertaken in PK/PD models have shown 
a substantial reduction in the emergence of 
polymyxin-resistant subpopulations. Given the 
increasing emergence of polymyxin resistance 
since their reintroduction into clinical practice [3, 
7, 77, 86, 110, 112, 170] and their role as a last-
line therapeutic option, combination therapy 
could potentially play an important role in mini-
mising further resistance development.

Finally, the data would suggest that a ‘one-
size-fits-all’ approach to identifying optimal 
combination regimens is not appropriate. This 
can be illustrated by the study conducted by 
Clancy et  al. where isolates of K. pneumoniae 
responded differently to a colistin/doripenem 
combination depending on the presence or 
absence of particular resistance mechanisms 
[36]. Thus, the specific resistance mechanisms 
manifested by different isolates of a bacterial 
species may dictate the efficacy of particular 
combination regimens. Ultimately the true value 
of combination therapy must be evaluated in 
well-designed, well powered, randomized clini-
cal trials in critically ill patients which are 
urgently required in order to define the clinical 
benefit of polymyxin combination therapy. 
Future advances in rapid diagnostics and next-
generation omics technologies will guide optimal 
use of polymyxin combinations which are pre-
cise to each patient, infection site, pathogen and 
resistance mechanism.

P. J. Bergen et al.

https://clinicaltrials.gov/ct2/show/NCT01597973


279

References

	 1.	Abdul Rahim N, Cheah SE, Johnson MD, Yu 
H, Sidjabat HE, Boyce J, Butler MS, Cooper 
MA, Fu J, Paterson DL, Nation RL, Bergen PJ, 
Velkov T, Li J  (2015) Synergistic killing of NDM-
producing MDR Klebsiella pneumoniae by two 
‘old’ antibiotics-polymyxin B and chloramphenicol. 
J Antimicrob Chemother 70:2589–2597

	 2.	Adams EK, Ashcraft DS, Pankey GA (2016) In vitro 
synergistic activity of caspofungin plus polymyxin B 
against fluconazole-resistant Candida glabrata. Am 
J Med Sci 351:265–270

	 3.	Al-Sweih NA, Al-Hubail MA, Rotimi VO (2011) 
Emergence of tigecycline and colistin resistance 
in acinetobacter species isolated from patients in 
Kuwait hospitals. J Chemother 23:13–16

	 4.	Albur M, Noel A, Bowker K, Macgowan A (2012) 
Bactericidal activity of multiple combinations of 
tigecycline and colistin against NDM-1-producing 
Enterobacteriaceae. Antimicrob Agents Chemother 
56:3441–3443

	 5.	Albur MS, Noel A, Bowker K, Macgowan A (2015) 
The combination of colistin and fosfomycin is syner-
gistic against NDM-1-producing Enterobacteriaceae 
in in  vitro pharmacokinetic/pharmacodynamic 
model experiments. Int J  Antimicrob Agents 
46:560–567

	 6.	Anonymous (2011) Instructions to authors. 
Antimicrob Agents Chemother 55:1–23

	 7.	Antoniadou A, Kontopidou F, Poulakou G, 
Koratzanis E, Galani I, Papadomichelakis E, 
Kopterides P, Souli M, Armaganidis A, Giamarellou 
H (2007) Colistin-resistant isolates of Klebsiella 
pneumoniae emerging in intensive care unit patients: 
first report of a multiclonal cluster. J  Antimicrob 
Chemother 59:786–790

	 8.	Aoki N, Tateda K, Kikuchi Y, Kimura S, Miyazaki 
C, Ishii Y, Tanabe Y, Gejyo F, Yamaguchi K (2009) 
Efficacy of colistin combination therapy in a mouse 
model of pneumonia caused by multidrug-resistant 
Pseudomonas aeruginosa. J Antimicrob Chemother 
63:534–542

	 9.	Attridge RT, Carden MF, Padilla S, Nathisuwan S, 
Burgess DS (2008) Colistin and rifampicin alone 
and in combination against multidrug-resistant 
Acinetobacter baumannii using an in  vitro PK-PD 
model (abstract C1-1053, p69). In: Abstracts of 
the 48th annual interscience conference on anti-
microbial agents and chemotherapy (ICAAC), 
Washington, DC, October 25–28. American Society 
for Microbiology

	 10.	Aydemir H, Akduman D, Piskin N, Comert F, Horuz 
E, Terzi A, Kokturk F, Ornek T, Celebi G (2013) 
Colistin vs. the combination of colistin and rifam-
picin for the treatment of carbapenem-resistant 
Acinetobacter baumannii ventilator-associated 
pneumonia. Epidemiol Infect 141:1214–1222

	 11.	Batirel A, Balkan I, Karabay O, Agalar C, Akalin S, 
Alici O, Alp E, Altay FA, Altin N, Arslan F, Aslan T, 
Bekiroglu N, Cesur S, Celik AD, Dogan M, Durdu 
B, Duygu F, Engin A, Engin DO, Gonen I, Guclu 
E, Guven T, Hatipoglu CA, Hosoglu S, Karahocagil 
MK, Kilic AU, Ormen B, Ozdemir D, Ozer S, 
Oztoprak N, Sezak N, Turhan V, Turker N, Yilmaz H 
(2014) Comparison of colistin-carbapenem, colistin-
sulbactam, and colistin plus other antibacterial 
agents for the treatment of extremely drug-resistant 
Acinetobacter baumannii bloodstream infections. 
Eur J Clin Microbiol Infect Dis 33(8):1311–1322

	 12.	Bergen PJ, Bulitta JB, Forrest A, Tsuji BT, Li J, 
Nation RL (2010) Pharmacokinetic/pharmacody-
namic investigation of colistin against Pseudomonas 
aeruginosa using an in  vitro model. Antimicrob 
Agents Chemother 54:3783–3789

	 13.	Bergen PJ, Forrest A, Bulitta JB, Tsuji BT, Sidjabat 
HE, Paterson DL, Li J, Nation RL (2011) Clinically 
relevant plasma concentrations of colistin in combi-
nation with imipenem enhance pharmacodynamic 
activity against multidrug-resistant Pseudomonas 
aeruginosa at multiple inocula. Antimicrob Agents 
Chemother 55:5134–5142

	 14.	Bergen PJ, Li J, Nation RL, Turnidge JD, Coulthard 
K, Milne RW (2008) Comparison of once-, twice- 
and thrice-daily dosing of colistin on antibacterial 
effect and emergence of resistance: studies with 
Pseudomonas aeruginosa in an in vitro pharmacody-
namic model. J Antimicrob Chemother 61:636–642

	 15.	Bergen PJ, Li J, Rayner CR, Nation RL (2006) 
Colistin methanesulfonate is an inactive pro-
drug of colistin against Pseudomonas aeruginosa. 
Antimicrob Agents Chemother 50:1953–1958

	 16.	Bergen PJ, Tsuji BT, Bulitta JB, Forrest A, Jacob 
J, Sidjabat HE, Paterson DL, Nation RL, Li 
J  (2011) Synergistic killing of multidrug-resistant 
Pseudomonas aeruginosa at multiple inocula by 
colistin combined with doripenem in an in vitro phar-
macokinetic/pharmacodynamic model. Antimicrob 
Agents Chemother 55:5685–5695

	 17.	Betrosian AP, Frantzeskaki F, Xanthaki A, 
Georgiadis G (2007) High-dose ampicillin-
sulbactam as an alternative treatment of late-onset 
VAP from multidrug-resistant Acinetobacter bau-
mannii. Scand J Infect Dis 39:38–43

	 18.	Betts JW, Phee LM, Hornsey M, Woodford N, 
Wareham DW (2014) In vitro and in  vivo activ-
ity of tigecycline/colistin combination therapies 
against carbapenem resistant Enterobacteriaceae. 
Antimicrob Agents Chemother 58:3541–3546

	 19.	Betts JW, Phee LM, Woodford N, Wareham DW 
(2014) Activity of colistin in combination with tige-
cycline or rifampicin against multidrug-resistant 
Stenotrophomonas maltophilia. Eur J Clin Microbiol 
Infect Dis 33(9):1565–1572

	 20.	Bhavnani SM, Hammel JP, Cirincione BB, Wikler 
MA, Ambrose PG (2005) Use of pharmacokinetic-
pharmacodynamic target attainment analyses to 

16  Rational Combinations of Polymyxins with Other Antibiotics



280

support phase 2 and 3 dosing strategies for doripe-
nem. Antimicrob Agents Chemother 49:3944–3947

	 21.	Blaser J (1985) In-vitro model for simultaneous sim-
ulation of the serum kinetics of two drugs with dif-
ferent half-lives. J Antimicrob Chemother 15(Suppl 
A):125–130

	 22.	Bulitta JB, Landersdorfer CB, Forrest A, Brown SV, 
Neely MN, Tsuji BT, Louie A (2011) Relevance of 
pharmacokinetic and pharmacodynamic modeling 
to clinical care of critically ill patients. Curr Pharm 
Biotechnol 12:2044–2061

	 23.	Bulitta JB, Li J, Poudyal A, Yu HH, Owen RJ, Tsuji 
BT, Nation RL, Forrest A (2009) Quantifying syn-
ergy of colistin combinations against MDR Gram-
negatives by mechanism-based models (abstract 
A1-573, p41). In: Abstracts of the 49th annual inter-
science conference of antimicrobial agents and che-
motherapy (ICAAC), San Francisco, CA, September 
12–15. American Society for Microbiology

	 24.	Bulitta JB, Yang JC, Yohonn L, Ly NS, Brown SV, 
D’Hondt RE, Jusko WJ, Forrest A, Tsuji BT (2010) 
Attenuation of colistin bactericidal activity by high 
inoculum of Pseudomonas aeruginosa characterized 
by a new mechanism-based population pharma-
codynamic model. Antimicrob Agents Chemother 
54:2051–2062

	 25.	Bulman ZP, Ly NS, Lenhard JR, Holden PN, Bulitta 
JB, Tsuji BT (2017) Influence of rhlR and lasR on 
polymyxin pharmacodynamics in Pseudomonas 
aeruginosa and implications for quorum sensing 
inhibition with azithromycin. Antimicrob Agents 
Chemother 61(4):pii: e00096-16

	 26.	Bulman ZP, Sutton MD, Ly NS, Bulitta JB, Holden 
PN, Nation RL, Li J, Tsuji BT (2015) Emergence 
of polymyxin B resistance influences pathogenicity 
in Pseudomonas aeruginosa mutators. Antimicrob 
Agents Chemother 59:4343–4346

	 27.	Cai X, Yang Z, Dai J, Chen K, Zhang L, Ni W, 
Wei C, Cui J  (2017) Pharmacodynamics of tigecy-
cline alone and in combination with colistin against 
clinical isolates of multidrug-resistant Acinetobacter 
baumannii in an in vitro pharmacodynamic model. 
Int J Antimicrob Agents 49:609–616

	 28.	Cappelletty DM, Rybak MJ (1996) Comparison of 
methodologies for synergism testing of drug com-
binations against resistant strains of Pseudomonas 
aeruginosa. Antimicrob Agents Chemother 
40:677–683

	 29.	Cavalcanti AB, Goncalves AR, Almeida CS, Bugano 
DD, Silva E (2010) Teicoplanin versus vancomycin 
for proven or suspected infection. Cochrane Database 
Syst Rev. https://doi.org/10.1002/14651858.
CD007022.pub2

	 30.	Ceccarelli G, Falcone M, Giordano A, Mezzatesta 
ML, Caio C, Stefani S, Venditti M (2013) Successful 
ertapenem-doripenem combination treatment of 
bacteremic ventilator-associated pneumonia due 
to colistin-resistant KPC-producing Klebsiella 
pneumoniae. Antimicrob Agents Chemother 
57:2900–2901

	 31.	Champion OL, Cooper IA, James SL, Ford D, 
Karlyshev A, Wren BW, Duffield M, Oyston PC, 
Titball RW (2009) Galleria mellonella as an alterna-
tive infection model for Yersinia pseudotuberculosis. 
Microbiology 155:1516–1522

	 32.	Choi MJ, Ko KS (2013) Mutant prevention con-
centrations of colistin for Acinetobacter bau-
mannii, Pseudomonas aeruginosa and Klebsiella 
pneumoniae clinical isolates. J  Antimicrob 
Chemother 69(1):275–277

	 33.	Cirioni O, Ghiselli R, Orlando F, Silvestri C, 
Mocchegiani F, Rocchi M, Chiodi L, Abbruzzetti 
A, Saba V, Scalise G, Giacometti A (2007) Efficacy 
of colistin/rifampin combination in experimental rat 
models of sepsis due to a multiresistant Pseudomonas 
aeruginosa strain. Crit Care Med 35:1717–1723

	 34.	Cirioni O, Ghiselli R, Silvestri C, Kamysz W, 
Orlando F, Mocchegiani F, Di Matteo F, Riva A, 
Lukasiak J, Scalise G, Saba V, Giacometti A (2007) 
Efficacy of tachyplesin III, colistin, and imipenem 
against a multiresistant Pseudomonas aeruginosa 
strain. Antimicrob Agents Chemother 51:2005–2010

	 35.	Cirioni O, Simonetti O, Pierpaoli E, Barucca A, 
Ghiselli R, Orlando F, Pelloni M, Trombettoni MM, 
Guerrieri M, Offidani A, Giacometti A, Provinciali 
M (2016) Colistin enhances therapeutic efficacy of 
daptomycin or teicoplanin in a murine model of mul-
tiresistant Acinetobacter baumannii sepsis. Diagn 
Microbiol Infect Dis 86:392–398

	 36.	Clancy CJ, Chen L, Hong JH, Cheng S, Hao B, 
Shields RK, Farrell AN, Doi Y, Zhao Y, Perlin DS, 
Kreiswirth BN, Nguyen MH (2013) Mutations 
of the ompK36 porin gene and promoter impact 
responses of sequence type 258, KPC-2-producing 
Klebsiella pneumoniae strains to doripenem and 
doripenem-colistin. Antimicrob Agents Chemother 
57:5258–5265

	 37.	Cobo J, Morosini MI, Pintado V, Tato M, Samaranch 
N, Baquero F, Canton R (2008) Use of tigecycline 
for the treatment of prolonged bacteremia due to a 
multiresistant VIM-1 and SHV-12 beta – lactamase-
producing Klebsiella pneumoniae epidemic clone. 
Diagn Microbiol Infect Dis 60:319–322

	 38.	Conway SP, Pond MN, Watson A, Etherington C, 
Robey HL, Goldman MH (1997) Intravenous colis-
tin sulphomethate in acute respiratory exacerba-
tions in adult patients with cystic fibrosis. Thorax 
52:987–993

	 39.	Cordoba J, Coronado-Alvarez NM, Parra D, 
Parra-Ruiz J  (2015) In vitro activities of novel 
antimicrobial combinations against extensively 
drug-resistant Acinetobacter baumannii. Antimicrob 
Agents Chemother 59:7316–7319

	 40.	Corvec S, Furustrand Tafin U, Betrisey B, Borens 
O, Trampuz A (2013) Activities of fosfomycin, tige-
cycline, colistin, and gentamicin against extended-
spectrum-beta-lactamase-producing Escherichia 
coli in a foreign-body infection model. Antimicrob 
Agents Chemother 57:1421–1427

P. J. Bergen et al.

https://doi.org/10.1002/14651858.CD007022.pub2
https://doi.org/10.1002/14651858.CD007022.pub2


281

	 41.	Costerton JW, Stewart PS, Greenberg EP (1999) 
Bacterial biofilms: a common cause of persistent 
infections. Science 284:1318–1322

	 42.	Daikos G, Markogiannakis A (2011) Carbapenemase-
producing Klebsiella pneumoniae: (when) might 
we still consider treating with carbapenems? Clin 
Microbiol Infect 17:1135–1141

	 43.	Dalfino L, Puntillo F, Mosca A, Monno R, Spada 
ML, Coppolecchia S, Miragliotta G, Bruno F, 
Brienza N (2012) High-dose, extended-interval 
colistin administration in critically ill patients: is this 
the right dosing strategy? A preliminary study. Clin 
Infect Dis 54:1720–1726

	 44.	Demiraslan H, Dinc G, Ahmed SS, Elmali F, Metan 
G, Alp E, Doganay M (2013) Carbapenem-resistant 
Klebsiella pneumoniae sepsis in corticosteroid 
receipt mice: tigecycline or colistin monotherapy ver-
sus tigecycline/colistin combination. J  Chemother 
26(5):276–281. https://doi.org/10.1179/19739478
13Y.0000000143

	 45.	Deris ZZ, Yu HH, Davis K, Soon RL, Jacob J, Ku 
CK, Poudyal A, Bergen PJ, Tsuji BT, Bulitta JB, 
Forrest A, Paterson DL, Velkov T, Li J, Nation RL 
(2012) The combination of colistin and doripenem 
is synergistic against Klebsiella pneumoniae at mul-
tiple inocula and suppresses colistin resistance in an 
in  vitro pharmacokinetic/pharmacodynamic model. 
Antimicrob Agents Chemother 56:5103–5112

	 46.	Di X, Wang R, Liu B, Zhang X, Ni W, Wang J, Liang 
B, Cai Y, Liu Y (2015) In vitro activity of fosfomycin 
in combination with colistin against clinical isolates 
of carbapenem-resistant Pseudomas aeruginosa. 
J Antibiot (Tokyo) 68:551–555

	 47.	Dinc G, Demiraslan H, Elmali F, Ahmed SS, Metan 
G, Alp E, Doganay M (2014) Efficacy of sulbac-
tam and its combination with imipenem, colis-
tin and tigecycline in an experimental model of 
carbapenem-resistant Acinetobacter baumannii sep-
sis. Chemotherapy 59:325–329

	 48.	Donlan RM (2002) Biofilms: microbial life on sur-
faces. Emerg Infect Dis 8:881–890

	 49.	Dubrovskaya Y, Chen TY, Scipione MR, Esaian D, 
Phillips MS, Papadopoulos J, Mehta SA (2013) Risk 
factors for treatment failure of polymyxin B mono-
therapy for carbapenem-resistant Klebsiella pneu-
moniae infections. Antimicrob Agents Chemother 
57:5394–5397

	 50.	Dudhani RV, Turnidge JD, Nation RL, Li J  (2010) 
fAUC/MIC is the most predictive pharmacoki-
netic/pharmacodynamic index of colistin against 
Acinetobacter baumannii in murine thigh and 
lung infection models. J  Antimicrob Chemother 
65:1984–1990

	 51.	Durante-Mangoni E, Signoriello G, Andini R, 
Mattei A, De Cristoforo M, Murino P, Bassetti M, 
Malacarne P, Petrosillo N, Galdieri N, Mocavero P, 
Corcione A, Viscoli C, Zarrilli R, Gallo C, Utili R 
(2013) Colistin and rifampicin compared with colis-
tin alone for the treatment of serious infections due 

to extensively drug-resistant Acinetobacter bauman-
nii: a multicenter, randomized clinical trial. Clin 
Infect Dis 57:349–358

	 52.	Elias LS, Konzen D, Krebs JM, Zavascki AP (2010) 
The impact of polymyxin B dosage on in-hospital 
mortality of patients treated with this antibiotic. 
J Antimicrob Chemother 65:2231–2237

	 53.	Entenza JM, Moreillon P (2009) Tigecycline in 
combination with other antimicrobials: a review 
of in  vitro, animal and case report studies. Int 
J Antimicrob Agents 34(8):e1–e9

	 54.	Falagas ME, Bliziotis IA, Kasiakou SK, Samonis 
G, Athanassopoulou P, Michalopoulos A (2005) 
Outcome of infections due to pandrug-resistant 
(PDR) Gram-negative bacteria. BMC Infect Dis 5:24

	 55.	Falagas ME, Rafailidis PI, Ioannidou E, Alexiou 
VG, Matthaiou DK, Karageorgopoulos DE, 
Kapaskelis A, Nikita D, Michalopoulos A (2010) 
Colistin therapy for microbiologically documented 
multidrug-resistant Gram-negative bacterial infec-
tions: a retrospective cohort study of 258 patients. 
Int J Antimicrob Agents 35:194–199

	 56.	Falagas ME, Rafailidis PI, Kasiakou SK, 
Hatzopoulou P, Michalopoulos A (2006) 
Effectiveness and nephrotoxicity of colistin mono-
therapy vs. colistin-meropenem combination ther-
apy for multidrug-resistant Gram-negative bacterial 
infections. Clin Microbiol Infect 12:1227–1230

	 57.	Falagas ME, Rafailidis PI, Matthaiou DK, Virtzili S, 
Nikita D, Michalopoulos A (2008) Pandrug-resistant 
Klebsiella pneumoniae, Pseudomonas aeruginosa 
and Acinetobacter baumannii infections: charac-
teristics and outcome in a series of 28 patients. Int 
J Antimicrob Agents 32:450–454

	 58.	Fan B, Guan J, Wang X, Cong Y (2016) Activity of 
colistin in combination with meropenem, tigecy-
cline, fosfomycin, fusidic acid, rifampin or sulbac-
tam against extensively drug-resistant Acinetobacter 
baumannii in a murine thigh-infection model. PLoS 
One 11:e0157757

	 59.	Furtado GHC, D’Azevedo PA, Santos AF, Gales AC, 
Pignatari ACC, Medeiros EAS (2007) Intravenous 
polymyxin B for the treatment of nosocomial pneu-
monia caused by multidrug-resistant Pseudomonas 
aeruginosa. Int J Antimicrob Agents 30:315–319

	 60.	Gaibani P, Lombardo D, Lewis RE, Mercuri M, 
Bonora S, Landini MP, Ambretti S (2014) In vitro 
activity and post-antibiotic effects of colistin in com-
bination with other antimicrobials against colistin-
resistant KPC-producing Klebsiella pneumoniae 
bloodstream isolates. J  Antimicrob Chemother 
69(7):1856–1865

	 61.	Galani I, Orlandou K, Moraitou H, Petrikkos G, 
Souli M (2014) Colistin/daptomycin: an unconven-
tional antimicrobial combination synergistic in vitro 
against multidrug-resistant Acinetobacter bauman-
nii. Int J Antimicrob Agents 43:370–374

	 62.	Garnacho-Montero J, Amaya-Villar R, Gutierrez-
Pizarraya A, Espejo-Gutierrez De Tena E, Artero-

16  Rational Combinations of Polymyxins with Other Antibiotics

https://doi.org/10.1179/1973947813Y.0000000143
https://doi.org/10.1179/1973947813Y.0000000143


282

Gonzalez ML, Corcia-Palomo Y, Bautista-Paloma 
J  (2013) Clinical efficacy and safety of the 
combination of colistin plus vancomycin for the 
treatment of severe infections caused by carbapenem-
resistant Acinetobacter baumannii. Chemotherapy 
59:225–231

	 63.	Garonzik SM, Li J, Thamlikitkul V, Paterson DL, 
Shoham S, Jacob J, Silveira FP, Forrest A, Nation 
RL (2011) Population pharmacokinetics of colistin 
methanesulfonate and formed colistin in critically 
ill patients from a multicenter study provide dos-
ing suggestions for various categories of patients. 
Antimicrob Agents Chemother 55:3284–3294

	 64.	Giacometti A, Cirioni O, Ghiselli R, Orlando F, 
Mocchegiani F, D’Amato G, Silvestri C, Riva A, Del 
Prete MS, Saba V, Scalise G (2003) Antiendotoxin 
activity of antimicrobial peptides and glycopeptides. 
J Chemother 15:129–133

	 65.	Gloede J, Scheerans C, Derendorf H, Kloft C 
(2010) In vitro pharmacodynamic models to deter-
mine the effect of antibacterial drugs. J Antimicrob 
Chemother 65:186–201

	 66.	Gordon NC, Png K, Wareham DW (2010) Potent 
synergy and sustained bactericidal activity of a 
vancomycin-colistin combination versus multidrug-
resistant strains of Acinetobacter baumannii. 
Antimicrob Agents Chemother 54:5316–5322

	 67.	Gunderson BW, Ibrahim KH, Hovde LB, Fromm TL, 
Reed MD, Rotschafer JC (2003) Synergistic activity 
of colistin and ceftazidime against multiantibiotic-
resistant Pseudomonas aeruginosa in an in  vitro 
pharmacodynamic model. Antimicrob Agents 
Chemother 47:905–909

	 68.	Hagihara M, Housman ST, Nicolau DP, Kuti JL 
(2014) In vitro pharmacodynamics of polymyxin 
B and tigecycline alone and in combination against 
carbapenem-resistant Acinetobacter baumannii. 
Antimicrob Agents Chemother 58:874–879

	 69.	Hengzhuang W, Wu H, Ciofu O, Song Z, Hoiby N 
(2011) Pharmacokinetics/pharmacodynamics of 
colistin and imipenem on mucoid and nonmucoid 
Pseudomonas aeruginosa biofilms. Antimicrob 
Agents Chemother 55:4469–4474

	 70.	Hengzhuang W, Wu H, Ciofu O, Song Z, Hoiby 
N (2012) In vivo pharmacokinetics/pharmacody-
namics of colistin and imipenem in Pseudomonas 
aeruginosa biofilm infection. Antimicrob Agents 
Chemother 56:2683–2690

	 71.	Henry R, Vithanage N, Harrison P, Seemann T, 
Coutts S, Moffatt JH, Nation RL, Li J, Harper 
M, Adler B, Boyce JD (2012) Colistin-resistant, 
lipopolysaccharide-deficient Acinetobacter bau-
mannii responds to lipopolysaccharide loss through 
increased expression of genes involved in the syn-
thesis and transport of lipoproteins, phospholipids, 
and poly-beta-1,6-N-acetylglucosamine. Antimicrob 
Agents Chemother 56:59–69

	 72.	Herrmann G, Yang L, Wu H, Song Z, Wang H, 
Hoiby N, Ulrich M, Molin S, Riethmuller J, Doring 
G (2010) Colistin-tobramycin combinations are 

superior to monotherapy concerning the killing 
of biofilm Pseudomonas aeruginosa. J  Infect Dis 
202:1585–1592

	 73.	Hornsey M, Phee L, Longshaw C, Wareham DW 
(2013) In vivo efficacy of telavancin/colistin com-
bination therapy in a Galleria mellonella model of 
Acinetobacter baumannii infection. Int J Antimicrob 
Agents 41:285–287

	 74.	Hornsey M, Wareham DW (2011) In vivo efficacy 
of glycopeptide-colistin combination therapies in 
a Galleria mellonella model of Acinetobacter bau-
mannii infection. Antimicrob Agents Chemother 
55:3534–3537

	 75.	 Imberti R, Cusato M, Villani P, Carnevale L, Iotti 
GA, Langer M, Regazzi M (2010) Steady-state phar-
macokinetics and BAL concentration of colistin in 
critically Ill patients after IV colistin methanesulfo-
nate administration. Chest 138:1333–1339

	 76.	Jander G, Rahme LG, Ausubel FM (2000) Positive 
correlation between virulence of Pseudomonas 
aeruginosa mutants in mice and insects. J Bacteriol 
182:3843–3845

	 77.	Johansen HK, Moskowitz SM, Ciofu O, Pressler 
T, Hoiby N (2008) Spread of colistin resistant non-
mucoid Pseudomonas aeruginosa among chronically 
infected Danish cystic fibrosis patients. J Cyst Fibros 
7:391–397

	 78.	Kasiakou SK, Michalopoulos A, Soteriades ES, 
Samonis G, Sermaides GJ, Falagas ME (2005) 
Combination therapy with intravenous colistin 
for management of infections due to multidrug-
resistant Gram-negative bacteria in patients with-
out cystic fibrosis. Antimicrob Agents Chemother 
49:3136–3146

	 79.	Kaye KS, Pogue JM, Tran TB, Nation RL, Li 
J (2016) Agents of last resort: polymyxin resistance. 
Infect Dis Clin N Am 30:391–414

	 80.	Ku YH, Chen CC, Lee MF, Chuang YC, Tang HJ, Yu 
WL (2017) Comparison of synergism between colis-
tin, fosfomycin and tigecycline against extended-
spectrum beta-lactamase-producing Klebsiella 
pneumoniae isolates or with carbapenem resistance. 
J Microbiol Immunol Infect 50(6):931–939

	 81.	Kwa AL, Lim TP, Low JG, Hou J, Kurup A, Prince 
RA, Tam VH (2008) Pharmacokinetics of poly-
myxin B1 in patients with multidrug-resistant Gram-
negative bacterial infections. Diagn Microbiol Infect 
Dis 60:163–167

	 82.	Lagerback P, Khine WW, Giske CG, Tangden T 
(2016) Evaluation of antibacterial activities of 
colistin, rifampicin and meropenem combinations 
against NDM-1-producing Klebsiella pneumoniae 
in 24 h in vitro time-kill experiments. J Antimicrob 
Chemother 71:2321–2325

	 83.	Lee GC, Burgess DS (2013) Polymyxins and doripe-
nem combination against KPC-producing Klebsiella 
pneumoniae. J Clin Med Res 5:97–100

	 84.	Lee HJ, Bergen PJ, Bulitta JB, Tsuji B, Forrest 
A, Nation RL, Li J  (2013) Synergistic activ-
ity of colistin and rifampin combination against 

P. J. Bergen et al.



283

multidrug-resistant Acinetobacter baumannii in an 
in  vitro pharmacokinetic/pharmacodynamic model. 
Antimicrob Agents Chemother 57:3738–3745

	 85.	Lee J, Han S, Jeon S, Hong T, Song W, Woo H, 
Yim DS (2013) Population pharmacokinetic analy-
sis of colistin in burn patients. Antimicrob Agents 
Chemother 57:2141–2146

	 86.	Lee JY, Song JH, Ko KS (2011) Identification of 
nonclonal Pseudomonas aeruginosa isolates with 
reduced colistin susceptibility in Korea. Microb 
Drug Resist 17:299–304

	 87.	Leite GC, Oliveira MS, Perdigao-Neto LV, Rocha 
CK, Guimaraes T, Rizek C, Levin AS, Costa 
SF (2016) Antimicrobial combinations against 
pan-resistant Acinetobacter baumannii isolates 
with different resistance mechanisms. PLoS One 
11:e0151270

	 88.	Lenhard JR, Smith NM, Bulman ZP, Tao X, 
Thamlikitkul V, Shin BS, Nation RL, Li J, Bulitta 
JB, Tsuji BT (2017) High dose ampicillin/sulbac-
tam combinations combat polymyxin-resistant 
Acinetobacter baumannii in a hollow-fiber infection 
model. Antimicrob Agents Chemother 61(3):pii: 
e01268-16

	 89.	Lenhard JR, Thamlikitkul V, Silveira FP, Garonzik 
SM, Tao X, Forrest A, Soo Shin B, Kaye KS, Bulitta 
JB, Nation RL, Li J, Tsuji BT (2017) Polymyxin-
resistant, carbapenem-resistant Acinetobacter bau-
mannii is eradicated by a triple combination of 
agents that lack individual activity. J  Antimicrob 
Chemother 72:1415–1420

	 90.	Li J, Coulthard K, Milne R, Nation RL, Conway 
S, Peckham D, Etherington C, Turnidge J  (2003) 
Steady-state pharmacokinetics of intravenous colis-
tin methanesulphonate in patients with cystic fibro-
sis. J Antimicrob Chemother 52:987–992

	 91.	Li J, Milne RW, Nation RL, Turnidge JD, Coulthard 
K (2003) Stability of colistin and colistin methane-
sulfonate in aqueous media and plasma as deter-
mined by high-performance liquid chromatography. 
Antimicrob Agents Chemother 47:1364–1370

	 92.	Li J, Nation RL, Owen RJ, Wong S, Spelman D, 
Franklin C (2007) Antibiograms of multidrug-
resistant clinical Acinetobacter baumannii: prom-
ising therapeutic options for treatment of infection 
with colistin-resistant strains. Clin Infect Dis 
45:594–598

	 93.	Li J, Rayner CR, Nation RL, Owen RJ, Spelman D, 
Tan KE, Liolios L (2006) Heteroresistance to colis-
tin in multidrug-resistant Acinetobacter baumannii. 
Antimicrob Agents Chemother 50:2946–2950

	 94.	Liang W, Liu XF, Huang J, Zhu DM, Li J, Zhang 
J  (2011) Activities of colistin- and minocycline-
based combinations against extensive drug resistant 
Acinetobacter baumannii isolates from intensive 
care unit patients. BMC Infect Dis 11:109

	 95.	Lim TP, Tan TY, Lee W, Sasikala S, Tan TT, Hsu LY, 
Kwa AL (2009) In vitro activity of various combina-
tions of antimicrobials against carbapenem-resistant 

Acinetobacter species in Singapore. J  Antibiot 
(Tokyo) 62:675–679

	 96.	Lin KH, Chuang YC, Lee SH, Yu WL (2010) In 
vitro synergistic antimicrobial effect of imipenem 
and colistin against an isolate of multidrug-resistant 
Enterobacter cloacae. J  Microbiol Immunol Infect 
43:317–322

	 97.	Lin L, Nonejuie P, Munguia J, Hollands A, Olson 
J, Dam Q, Kumaraswamy M, Rivera H Jr, Corriden 
R, Rohde M, Hensler ME, Burkart MD, Pogliano 
J, Sakoulas G, Nizet V (2015) Azithromycin syner-
gizes with cationic antimicrobial peptides to exert 
bactericidal and therapeutic activity against highly 
multidrug-resistant Gram-negative bacterial patho-
gens. EBioMedicine 2:690–698

	 98.	Linden PK, Kusne S, Coley K, Fontes P, Kramer DJ, 
Paterson D (2003) Use of parenteral colistin for the 
treatment of serious infection due to antimicrobial-
resistant Pseudomonas aeruginosa. Clin Infect Dis 
37:e154–e160

	 99.	Lister PD, Wolter DJ, Hanson ND (2009) 
Antibacterial-resistant Pseudomonas aeruginosa: 
clinical impact and complex regulation of chro-
mosomally encoded resistance mechanisms. Clin 
Microbiol Rev 22:582–610

	100.	Liu X, Zhao M, Chen Y, Bian X, Li Y, Shi J, 
Zhang J  (2016) Synergistic killing by meropenem 
and colistin combination of carbapenem-resistant 
Acinetobacter baumannii isolates from Chinese 
patients in an in vitro pharmacokinetic/pharmacody-
namic model. Int J Antimicrob Agents 48:559–563

	101.	Loos U, Musch E, Jensen JC, Mikus G, Schwabe 
HK, Eichelbaum M (1985) Pharmacokinetics of oral 
and intravenous rifampicin during chronic adminis-
tration. Klin Wochenschr 63:1205–1211

	102.	Lora-Tamayo J, Murillo O, Bergen PJ, Nation RL, 
Poudyal A, Luo X, Yu HY, Ariza J, Li J  (2014) 
Activity of colistin combined with doripenem at 
clinically relevant concentrations against multidrug-
resistant Pseudomonas aeruginosa in an in  vitro 
dynamic biofilm model. J  Antimicrob Chemother 
69(9):2434–2442

	103.	Ly NS, Bulitta JB, Rao GG, Landersdorfer CB, 
Holden PN, Forrest A, Bergen PJ, Nation RL, Li J, 
Tsuji BT (2015) Colistin and doripenem combina-
tions against Pseudomonas aeruginosa: profiling the 
time course of synergistic killing and prevention of 
resistance. J Antimicrob Chemother 70:1434–1442

	104.	Ly NS, Bulman ZP, Bulitta JB, Baron C, Rao GG, 
Holden PN, Li J, Sutton MD, Tsuji BT (2016) 
Optimization of polymyxin B in combination with 
doripenem to combat mutator Pseudomonas aerugi-
nosa. Antimicrob Agents Chemother 60:2870–2880

	105.	Maccallum DM, Desbois AP, Coote PJ (2013) 
Enhanced efficacy of synergistic combinations of 
antimicrobial peptides with caspofungin versus 
Candida albicans in insect and murine models of 
systemic infection. Eur J Clin Microbiol Infect Dis 
32:1055–1062

16  Rational Combinations of Polymyxins with Other Antibiotics



284

	106.	Magiorakos AP, Srinivasan A, Carey RB, Carmeli 
Y, Falagas ME, Giske CG, Harbarth S, Hindler JF, 
Kahlmeter G, Olsson-Liljequist B, Paterson DL, 
Rice LB, Stelling J, Struelens MJ, Vatopoulos A, 
Weber JT, Monnet DL (2012) Multidrug-resistant, 
extensively drug-resistant and pandrug-resistant 
bacteria: an international expert proposal for interim 
standard definitions for acquired resistance. Clin 
Microbiol Infect 18:268–281

	107.	Mah TF, O’Toole GA (2001) Mechanisms of biofilm 
resistance to antimicrobial agents. Trends Microbiol 
9:34–39

	108.	Markou N, Markantonis SL, Dimitrakis E, Panidis D, 
Boutzouka E, Karatzas S, Rafailidis P, Apostolakos 
H, Baltopoulos G (2008) Colistin serum concentra-
tions after intravenous administration in critically 
ill patients with serious multidrug-resistant, Gram-
negative bacilli infections: a prospective, open-label, 
uncontrolled study. Clin Ther 30:143–151

	109.	Mendes RE, Fritsche TR, Sader HS, Jones RN 
(2008) Increased antimicrobial susceptibility profiles 
among polymyxin-resistant Acinetobacter bauman-
nii clinical isolates. Clin Infect Dis 46:1324–1326

	110.	Menuet M, Bittar F, Stremler N, Dubus JC, 
Sarles J, Raoult D, Rolain JM (2008) First iso-
lation of two colistin-resistant emerging patho-
gens, Brevundimonas diminuta and Ochrobactrum 
anthropi, in a woman with cystic fibrosis: a case 
report. J Med Case Rep 2:373

	111.	Mezzatesta ML, Caio C, Gona F, Zingali T, Salerno 
I, Stefani S (2016) Colistin Increases the cidal activ-
ity of antibiotic combinations against multidrug-
resistant Klebsiella pneumoniae: an in vitro model 
comparing multiple combination bactericidal test-
ing at one peak serum concentration and time-kill 
method. Microb Drug Resist 22:360–363

	112.	Mezzatesta ML, Gona F, Caio C, Petrolito V, 
Sciortino D, Sciacca A, Santangelo C, Stefani 
S (2011) Outbreak of KPC-3-producing, and 
colistin-resistant, Klebsiella pneumoniae infec-
tions in two Sicilian hospitals. Clin Microbiol Infect 
17:1444–1447

	113.	Michail G, Labrou M, Pitiriga V, Manousaka S, 
Sakellaridis N, Tsakris A, Pournaras S (2013) 
Activity of tigecycline in combination with colistin, 
meropenem, rifampin, or gentamicin against KPC-
producing Enterobacteriaceae in a murine thigh 
infection model. Antimicrob Agents Chemother 
57:6028–6033

	114.	Moffatt JH, Harper M, Harrison P, Hale JD, 
Vinogradov E, Seemann T, Henry R, Crane B, St 
Michael F, Cox AD, Adler B, Nation RL, Li J, Boyce 
JD (2010) Colistin resistance in Acinetobacter bau-
mannii is mediated by complete loss of lipopolysac-
charide production. Antimicrob Agents Chemother 
54:4971–4977

	115.	Mohamed AF, Karaiskos I, Plachouras D, Karvanen 
M, Pontikis K, Jansson B, Papadomichelakis E, 
Antoniadou A, Giamarellou H, Armaganidis A, Cars 
O, Friberg LE (2012) Application of a loading dose 

of colistin methanesulfonate in critically ill patients: 
population pharmacokinetics, protein binding, 
and prediction of bacterial kill. Antimicrob Agents 
Chemother 56:4241–4249

	116.	Moland ES, Craft DW, Hong SG, Kim SY, 
Hachmeister L, Sayed SD, Thomson KS (2008) 
In vitro activity of tigecycline against multidrug-
resistant Acinetobacter baumannii and selection of 
tigecycline-amikacin synergy. Antimicrob Agents 
Chemother 52:2940–2942

	117.	Moneib NA (1995) In-vitro activity of commonly 
used antifungal agents in the presence of rifampin, 
polymyxin B and norfloxacin against Candida albi-
cans. J Chemother 7:525–529

	118.	Montero A, Ariza J, Corbella X, Domenech A, 
Cabellos C, Ayats J, Tubau F, Borraz C, Gudiol F 
(2004) Antibiotic combinations for serious infections 
caused by carbapenem-resistant Acinetobacter bau-
mannii in a mouse pneumonia model. J Antimicrob 
Chemother 54:1085–1091

	119.	Moore NM, Flaws ML (2011) Treatment strategies 
and recommendations for Pseudomonas aeruginosa 
infections. Clin Lab Sci 24:52–56

	120.	Morelli P, Ferrario A, Tordato F, Piazza A, Casari E 
(2014) Successful treatment of post-neurosurgical 
multidrug-resistant Pseudomonas aeruginosa 
meningo-encephalitis with combination therapy of 
colistin, rifampicin and doripenem. J  Antimicrob 
Chemother 69:857–859

	121.	Moskowitz SM, Foster JM, Emerson J, Burns 
JL (2004) Clinically feasible biofilm susceptibil-
ity assay for isolates of Pseudomonas aeruginosa 
from patients with cystic fibrosis. J Clin Microbiol 
42:1915–1922

	122.	Mutlu Yilmaz E, Sunbul M, Aksoy A, Yilmaz H, 
Guney AK, Guvenc T (2012) Efficacy of tigecycline/
colistin combination in a pneumonia model caused 
by extensively drug-resistant Acinetobacter bauman-
nii. Int J Antimicrob Agents 40:332–336

	123.	Napier BA, Band V, Burd EM, Weiss DS (2014) 
Colistin heteroresistance in Enterobacter cloacae is 
associated with cross-resistance to the host antimi-
crobial lysozyme. Antimicrob Agents Chemother 
58:5594–5597

	124.	Nastro M, Rodriguez CH, Monge R, Zintgraff J, 
Neira L, Rebollo M, Vay C, Famiglietti A (2013) 
Activity of the colistin-rifampicin combination 
against colistin-resistant, carbapenemaseproducing 
Gram-negative bacteria. J Chemother 26(4):211–216

	125.	Nicolau DP (2008) Carbapenems: a potent class of 
antibiotics. Expert Opin Pharmacother 9:23–37

	126.	Norden CW, Wentzel H, Keleti E (1979) Comparison 
of techniques for measurement of in vitro antibiotic 
synergism. J Infect Dis 140:629–633

	127.	Oleksiuk LM, Nguyen MH, Press EG, Updike CL, 
O’Hara JA, Doi Y, Clancy CJ, Shields RK (2014) 
In vitro responses of Acinetobacter baumannii to 
two- and three-drug combinations following expo-
sure to colistin and doripenem. Antimicrob Agents 
Chemother 58:1195–1199

P. J. Bergen et al.



285

	128.	Owen RJ, Li J, Nation RL, Spelman D (2007) In vitro 
pharmacodynamics of colistin against Acinetobacter 
baumannii clinical isolates. J Antimicrob Chemother 
59:473–477

	129.	Ozbek B, Mataraci E (2013) In vitro effectiveness of 
colistin, tigecycline and levofloxacin alone and com-
bined with clarithromycin and/or heparin as lock 
solutions against embedded Acinetobacter bauman-
nii strains. J Antimicrob Chemother 68:827–830

	130.	Pachon-Ibanez ME, Docobo-Perez F, Lopez-Rojas 
R, Dominguez-Herrera J, Jimenez-Mejias ME, 
Garcia-Curiel A, Pichardo C, Jimenez L, Pachon 
J  (2010) Efficacy of rifampin and its combinations 
with imipenem, sulbactam, and colistin in experi-
mental models of infection caused by imipenem-
resistant Acinetobacter baumannii. Antimicrob 
Agents Chemother 54:1165–1172

	131.	Padilla S, Carden MF, Attridge RT, Burgess DS (2008) 
In-vitro activity of colistin, amikacin and in combi-
nation against multi-drug resistant Acinetobacter 
baumannii in a pharmacodynamic-pharmacokinetic 
model. 4th annual Louis C.  Littlefield celebrating 
pharmacy research excellence day in professional, 
graduate and postgraduate programs, University of 
Texas, Austin, TX, April 17

	132.	Pamp SJ, Gjermansen M, Johansen HK, Tolker-
Nielsen T (2008) Tolerance to the antimicrobial 
peptide colistin in Pseudomonas aeruginosa biofilms 
is linked to metabolically active cells, and depends 
on the pmr and mexAB-oprM genes. Mol Microbiol 
68:223–240

	133.	Pankey G, Ashcraft D, Kahn H, Ismail A (2014) 
Time-kill assay and Etest evaluation for synergy with 
polymyxin B and fluconazole against Candida gla-
brata. Antimicrob Agents Chemother 58:5795–5800

	134.	Pankuch GA, Lin G, Seifert H, Appelbaum PC 
(2008) Activity of meropenem with and without cip-
rofloxacin and colistin against Pseudomonas aeru-
ginosa and Acinetobacter baumannii. Antimicrob 
Agents Chemother 52:333–336

	135.	Pankuch GA, Seifert H, Appelbaum PC (2010) 
Activity of doripenem with and without levofloxa-
cin, amikacin, and colistin against Pseudomonas 
aeruginosa and Acinetobacter baumannii. Diagn 
Microbiol Infect Dis 67:191–197

	136.	Pantopoulou A, Giamarellos-Bourboulis EJ, 
Raftogannis M, Tsaganos T, Dontas I, Koutoukas P, 
Baziaka F, Giamarellou H, Perrea D (2007) Colistin 
offers prolonged survival in experimental infection 
by multidrug-resistant Acinetobacter baumannii: the 
significance of co-administration of rifampicin. Int 
J Antimicrob Agents 29:51–55

	137.	Park GC, Choi JA, Jang SJ, Jeong SH, Kim CM, 
Choi IS, Kang SH, Park G, Moon DS (2016) In 
vitro interactions of antibiotic combinations of colis-
tin, tigecycline, and doripenem against extensively 
drug-resistant and multidrug-resistant Acinetobacter 
baumannii. Ann Lab Med 36:124–130

	138.	Paul M, Carmeli Y, Durante-Mangoni E, Mouton 
JW, Tacconelli E, Theuretzbacher U, Mussini 

C, Leibovici L (2014) Combination therapy for 
carbapenem-resistant Gram-negative bacteria. 
J Antimicrob Chemother 69(9):2305–2309. https://
doi.org/10.1093/jac/dku168

	139.	Paul M, Daikos GL, Durante-Mangoni E, Yahav 
D, Carmeli Y, Benattar YD, Skiada A, Andini R, 
Eliakim-Raz N, Nutman A, Zusman O, Antoniadou 
A, Pafundi PC, Adler A, Dickstein Y, Pavleas I, 
Zampino R, Daitch V, Bitterman R, Zayyad H, 
Koppel F, Levi I, Babich T, Friberg LE, Mouton 
JW, Theuretzbacher U, Leibovici L (2018) Colistin 
alone versus colistin plus meropenem for treatment 
of severe infections caused by carbapenem-resistant 
Gram-negative bacteria: an open-label, randomised 
controlled trial. Lancet Infect Dis 18:391–400

	140.	Percin D, Akyol S, Kalin G (2014) In vitro synergism 
of combinations of colistin with selected antibiotics 
against colistin-resistant Acinetobacter baumannii. 
GMS Hyg Infect Control 9(2):Doc14

	141.	Petrosillo N, Giannella M, Antonelli M, Antonini 
M, Barsic B, Belancic L, Inkaya AC, De Pascale G, 
Grilli E, Tumbarello M, Akova M (2014) Clinical 
experience of colistin-glycopeptide combination in 
critically ill patients infected with Gram-negative 
bacteria. Antimicrob Agents Chemother 58:851–858

	142.	Petrosillo N, Ioannidou E, Falagas ME (2008) 
Colistin monotherapy vs. combination therapy: 
evidence from microbiological, animal and clinical 
studies. Clin Microbiol Infect 14:816–827

	143.	Phee LM, Betts JW, Bharathan B, Wareham DW 
(2015) Colistin and fusidic acid: a novel potent 
synergistic combination for the treatment of multi-
drug resistant Acinetobacter baumannii infections. 
Antimicrob Agents Chemother 59(8):4544–4550

	144.	Pillai SK, Moellering RC, Eliopoulos GM (2005) 
Antimicrobial combinations. In: Lorian V (ed) 
Antibiotics in laboratory medicine, 5th edn. 
Lippincott Williams & Wilkins, Philadelphia

	145.	Pintado V, San Miguel LG, Grill F, Mejia B, Cobo 
J, Fortun J, Martin-Davila P, Moreno S (2008) 
Intravenous colistin sulphomethate sodium for ther-
apy of infections due to multidrug-resistant gram-
negative bacteria. J Infect 56:185–190

	146.	Plachouras D, Karvanen M, Friberg LE, 
Papadomichelakis E, Antoniadou A, Tsangaris I, 
Karaiskos I, Poulakou G, Kontopidou F, Armaganidis 
A, Cars O, Giamarellou H (2009) Population phar-
macokinetic analysis of colistin methanesulphonate 
and colistin after intravenous administration in criti-
cally ill patients with Gram-negative bacterial infec-
tions. Antimicrob Agents Chemother 53:3430–3436

	147.	Poudyal A, Howden BP, Bell JM, Gao W, Owen 
RJ, Turnidge JD, Nation RL, Li J  (2008) In vitro 
pharmacodynamics of colistin against multidrug-
resistant Klebsiella pneumoniae. J  Antimicrob 
Chemother 62:1311–1318

	148.	Pournaras S, Vrioni G, Neou E, Dendrinos J, 
Dimitroulia E, Poulou A, Tsakris A (2011) Activity 
of tigecycline alone and in combination with colistin 
and meropenem against Klebsiella pneumoniae car-

16  Rational Combinations of Polymyxins with Other Antibiotics

https://doi.org/10.1093/jac/dku168
https://doi.org/10.1093/jac/dku168


286

bapenemase (KPC)-producing Enterobacteriaceae 
strains by time-kill assay. Int J Antimicrob Agents 
37:244–247

	149.	Principe L, Capone A, Mazzarelli A, D’Arezzo 
S, Bordi E, Di Caro A, Petrosillo N (2013) In 
vitro activity of doripenem in combination with 
various antimicrobials against multidrug-resistant 
Acinetobacter baumannii: possible options for the 
treatment of complicated infection. Microb Drug 
Resist 19:407–414

	150.	Qureshi ZA, Paterson DL, Potoski BA, Kilayko MC, 
Sandovsky G, Sordillo E, Polsky B, Adams-Haduch 
JM, Doi Y (2012) Treatment outcome of bactere-
mia due to KPC-producing Klebsiella pneumoniae: 
superiority of combination antimicrobial regimens. 
Antimicrob Agents Chemother 56:2108–2113

	151.	Rahal JJ (2006) Novel antibiotic combinations 
against infections with almost completely resistant 
Pseudomonas aeruginosa and Acinetobacter species. 
Clin Infect Dis 43(Suppl 2):S95–S99

	152.	Rodriguez-Avial I, Pena I, Picazo JJ, Rodriguez-Avial 
C, Culebras E (2015) In vitro activity of the next-
generation aminoglycoside plazomicin alone and in 
combination with colistin, meropenem, fosfomycin 
or tigecycline against carbapenemase-producing 
Enterobacteriaceae strains. Int J Antimicrob Agents 
46:616–621

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

	154.	Ruslami R, Nijland HM, Alisjahbana B, Parwati I, Van 
Crevel R, Aarnoutse RE (2007) Pharmacokinetics 
and tolerability of a higher rifampin dose versus the 
standard dose in pulmonary tuberculosis patients. 
Antimicrob Agents Chemother 51:2546–2551

	155.	Safarika A, Galani I, Pistiki A, Giamarellos-
Bourboulis EJ (2015) Time-kill effect of levofloxa-
cin on multidrug-resistant Pseudomonas aeruginosa 
and Acinetobacter baumannii: synergism with imi-
penem and colistin. Eur J Clin Microbiol Infect Dis 
34:317–323

	156.	Sandri AM, Landersdorfer CB, Jacob J, Boniatti 
MM, Dalarosa MG, Falci DR, Behle TF, Bordinhao 
RC, Wang J, Forrest A, Nation RL, Li J, Zavascki AP 
(2013) Population pharmacokinetics of intravenous 
polymyxin B in critically ill patients: implications 
for selection of dosage regimens. Clin Infect Dis 
57:524–531

	157.	Sandri AM, Landersdorfer CB, Jacob J, Boniatti 
MM, Dalarosa MG, Falci DR, Behle TF, Saitovitch 
D, Wang J, Forrest A, Nation RL, Zavascki AP, 
Li J  (2013) Pharmacokinetics of polymyxin B in 
patients on continuous venovenous haemodialysis. 
J Antimicrob Chemother 68:674–677

	158.	Schemuth H, Dittmer S, Lackner M, Sedlacek L, 
Hamprecht A, Steinmann E, Buer J, Rath PM, 
Steinmann J  (2013) In vitro activity of colistin as 
single agent and in combination with antifungals 

against filamentous fungi occurring in patients with 
cystic fibrosis. Mycoses 56:297–303

	159.	Seed KD, Dennis JJ (2008) Development of Galleria 
mellonella as an alternative infection model for 
the Burkholderia cepacia complex. Infect Immun 
76:1267–1275

	160.	Selwyn S (1983) The history of antimicrobial 
agents. In: Clinical chemotherapy. fundamentals, vol 
1. Thieme-Stratton, New York

	161.	Sheng WH, Wang JT, Li SY, Lin YC, Cheng A, Chen 
YC, Chang SC (2011) Comparative in vitro antimi-
crobial susceptibilities and synergistic activities of 
antimicrobial combinations against carbapenem-
resistant Acinetobacter species: Acinetobacter bau-
mannii versus Acinetobacter genospecies 3 and 
13TU. Diagn Microbiol Infect Dis 70:380–386

	162.	Shields RK, Clancy CJ, Gillis LM, Kwak EJ, Silveira 
FP, Massih RC, Eschenauer GA, Potoski BA, 
Nguyen MH (2012) Epidemiology, clinical charac-
teristics and outcomes of extensively drug-resistant 
Acinetobacter baumannii infections among solid 
organ transplant recipients. PLoS One 7:e52349

	163.	Shields RK, Kwak EJ, Potoski BA, Doi Y, Adams-
Haduch JM, Silviera FP, Toyoda Y, Pilewski JM, 
Crespo M, Pasculle AW, Clancy CJ, Nguyen MH 
(2011) High mortality rates among solid organ 
transplant recipients infected with extensively drug-
resistant Acinetobacter baumannii: using in  vitro 
antibiotic combination testing to identify the com-
bination of a carbapenem and colistin as an effec-
tive treatment regimen. Diagn Microbiol Infect Dis 
70:246–252

	164.	Sirijatuphat R, Thamlikitkul V (2014) Preliminary 
study of colistin versus colistin plus fosfomycin for 
treatment of carbapenem-resistant Acinetobacter 
baumannii infections. Antimicrob Agents Chemother 
58:5598–5601

	165.	Smith NM, Bulman ZP, Sieron AO, Bulitta JB, 
Holden PN, Nation RL, Li J, Wright GD, Tsuji 
BT (2017) Pharmacodynamics of dose-escalated 
‘front-loading’ polymyxin B regimens against 
polymyxin-resistant mcr-1-harbouring Escherichia 
coli. J Antimicrob Chemother 72:2297–2303

	166.	Souli M, Galani I, Boukovalas S, Gourgoulis MG, 
Chryssouli Z, Kanellakopoulou K, Panagea T, 
Giamarellou H (2011) In vitro interactions of anti-
microbial combinations with fosfomycin against 
KPC-2-producing Klebsiella pneumoniae and 
protection of resistance development. Antimicrob 
Agents Chemother 55:2395–2397

	167.	Souli M, Rekatsina PD, Chryssouli Z, Galani I, 
Giamarellou H, Kanellakopoulou K (2009) Does 
the activity of the combination of imipenem and 
colistin in vitro exceed the problem of resistance in 
metallo-beta-lactamase-producing Klebsiella pneu-
moniae isolates? Antimicrob Agents Chemother 
53:2133–2135

	168.	Srisupha-Olarn W, Burgess DS (2010) Activity 
of meropenem and colistin alone and in combina-

P. J. Bergen et al.



287

tion against multidrug-resistant Acinetobacter bau-
mannii in a pharmacokinetic-pharmacodynamic 
model (abstract E-1591, p125). In: Abstracts of the 
50th annual interscience conference on antimicro-
bial agents and chemotherapy (ICAAC), Boston, 
MA, September 12–15. American Society for 
Microbiology

	169.	Stressmann FA, Rogers GB, Marsh P, Lilley AK, 
Daniels TW, Carroll MP, Hoffman LR, Jones G, 
Allen CE, Patel N, Forbes B, Tuck A, Bruce KD 
(2011) Does bacterial density in cystic fibrosis 
sputum increase prior to pulmonary exacerbation? 
J Cyst Fibros 10:357–365

	170.	Suh JY, Son JS, Chung DR, Peck KR, Ko KS, Song 
JH (2010) Nonclonal emergence of colistin-resistant 
Klebsiella pneumoniae isolates from blood samples 
in South Korea. Antimicrob Agents Chemother 
54:560–562

	171.	Sun HY, Shields RK, Cacciarelli TV, Muder RR, 
Singh N (2010) A novel combination regimen for the 
treatment of refractory bacteremia due to multidrug-
resistant Pseudomonas aeruginosa in a liver trans-
plant recipient. Transpl Infect Dis 12:555–560

	172.	Svetitsky S, Leibovici L, Paul M (2009) Comparative 
efficacy and safety of vancomycin versus tei-
coplanin: systematic review and meta-analysis. 
Antimicrob Agents Chemother 53:4069–4079

	173.	Tam VH, Schilling AN, Vo G, Kabbara S, Kwa AL, 
Wiederhold NP, Lewis RE (2005) Pharmacodynamics 
of polymyxin B against Pseudomonas aeruginosa. 
Antimicrob Agents Chemother 49:3624–3630

	174.	Tan CH, Li J, Nation RL (2007) Activity of colistin 
against heteroresistant Acinetobacter baumannii and 
emergence of resistance in an in vitro pharmacoki-
netic/pharmacodynamic model. Antimicrob Agents 
Chemother 51:3413–3415

	175.	Tan TY, Ng LS, Tan E, Huang G (2007) In vitro 
effect of minocycline and colistin combinations on 
imipenem-resistant Acinetobacter baumannii clini-
cal isolates. J Antimicrob Chemother 60:421–423

	176.	Tang HJ, Ku YH, Lee MF, Chuang YC, Yu WL 
(2015) In vitro activity of imipenem and colistin 
against a carbapenem-resistant Klebsiella pneu-
moniae isolate coproducing SHV-31, CMY-2, and 
DHA-1. Biomed Res Int 2015:568079

	177.	Tangden T, Hickman RA, Forsberg P, Lagerback P, 
Giske CG, Cars O (2014) Evaluation of double- and 
triple-antibiotic combinations for VIM- and NDM-
producing Klebsiella pneumoniae by in vitro time-
kill experiments. Antimicrob Agents Chemother 
58:1757–1762

	178.	Tangden T, Karvanen M, Friberg LE, Odenholt 
I, Cars O (2017) Assessment of early combina-
tion effects of colistin and meropenem against 
Pseudomonas aeruginosa and Acinetobacter bau-
mannii in dynamic time-kill experiments. Infect Dis 
(Lond) 49:521–527

	179.	Tascini C, Gemignani G, Ferranti S, Tagliaferri 
E, Leonildi A, Lucarini A, Menichetti F (2004) 

Microbiological activity and clinical efficacy of a 
colistin and rifampin combination in multidrug-
resistant Pseudomonas aeruginosa infections. 
J Chemother 16:282–287

	180.	Tripodi MF, Durante-Mangoni E, Fortunato R, Utili 
R, Zarrilli R (2007) Comparative activities of colis-
tin, rifampicin, imipenem and sulbactam/ampicillin 
alone or in combination against epidemic multidrug-
resistant Acinetobacter baumannii isolates produc-
ing OXA-58 carbapenemases. Int J  Antimicrob 
Agents 30:537–540

	181.	Tsioutis C, Kritsotakis EI, Maraki S, Gikas A (2010) 
Infections by pandrug-resistant Gram-negative 
bacteria: clinical profile, therapeutic management, 
and outcome in a series of 21 patients. Eur J  Clin 
Microbiol Infect Dis 29:301–305

	182.	Tumbarello M, Viale P, Viscoli C, Trecarichi EM, 
Tumietto F, Marchese A, Spanu T, Ambretti S, 
Ginocchio F, Cristini F (2012) Predictors of mortal-
ity in bloodstream infections caused by Klebsiella 
pneumoniae carbapenemase-producing K. pneu-
moniae: importance of combination therapy. Clin 
Infect Dis 55:943–950

	183.	Turnidge J (2014) Drug-drug combinations. In: Vinks 
AA, Derendorf H, Mouton J (eds) Fundamentals of 
antimicrobial pharmacokinetics and pharmacody-
namics. Springer, New York

	184.	Urban C, Mariano N, Rahal JJ (2010) In vitro double 
and triple bactericidal activities of doripenem, poly-
myxin B, and rifampin against Multidrug-resistant 
Acinetobacter baumannii, Pseudomonas aerugi-
nosa, Klebsiella pneumoniae, and Escherichia coli. 
Antimicrob Agents Chemother 54:2732–2734

	185.	Vardakas KZ, Mavros MN, Roussos N, Falagas ME 
(2012) Meta-analysis of randomized controlled tri-
als of vancomycin for the treatment of patients with 
gram-positive infections: focus on the study design. 
Mayo Clin Proc 87:349–363

	186.	Velkov T, Bergen PJ, Lora-Tamayo J, Landersdorfer 
CB, Li J  (2013) PK/PD models in antibacterial 
development. Curr Opin Microbiol 16(5):573–579

	187.	Vidaillac C, Benichou L, Duval RE (2012) In vitro 
synergy of colistin combinations against colistin-
resistant Acinetobacter baumannii, Pseudomonas 
aeruginosa, and Klebsiella pneumoniae isolates. 
Antimicrob Agents Chemother 56:4856–4861

	188.	Walsh CC, Landersdorfer CB, McIntosh MP, Peleg 
AY, Hirsch EB, Kirkpatrick CM, Bergen PJ (2016) 
Clinically relevant concentrations of fosfomycin 
combined with polymyxin B, tobramycin or cipro-
floxacin enhance bacterial killing of Pseudomonas 
aeruginosa, but do not suppress the emergence of 
fosfomycin resistance. J  Antimicrob Chemother 
71:2218–2229

	189.	Walsh CC, McIntosh MP, Peleg AY, Kirkpatrick 
CM, Bergen PJ (2015) In vitro pharmacodynam-
ics of fosfomycin against clinical isolates of 
Pseudomonas aeruginosa. J Antimicrob Chemother 
70(11):3042–3050

16  Rational Combinations of Polymyxins with Other Antibiotics



288

	190.	Wareham DW, Gordon NC, Hornsey M (2011) In 
vitro activity of teicoplanin combined with colistin 
versus multidrug-resistant strains of Acinetobacter 
baumannii. J Antimicrob Chemother 66:1047–1051

	191.	Wehrli W (1983) Rifampin: mechanisms of action 
and resistance. Rev Infect Dis 5(Suppl 3):S407–S411

	192.	Wei W, Yang H, Hu L, Ye Y, Li J (2015) Activity of 
levofloxacin in combination with colistin against 
Acinetobacter baumannii: in vitro and in a Galleria 
mellonella model. J  Microbiol Immunol Infect 
50(6):821–830

	193.	Wei WJ, Yang HF (2017) Synergy against exten-
sively drug-resistant Acinetobacter baumannii 
in vitro by two old antibiotics: colistin and chloram-
phenicol. Int J Antimicrob Agents 49:321–326

	194.	Wootton M, Hedges AJ, Bowker KE, Holt HA, 
Reeves DS, Macgowan AP (1995) A critical assess-
ment of the agar dilution chequerboard technique for 
studying in-vitro antimicrobial interactions using a 
representative beta-lactam, aminoglycoside and flu-
oroquinolone. J Antimicrob Chemother 35:569–576

	195.	Yamagishi Y, Hagihara M, Kato H, Hirai J, Nishiyama 
N, Koizumi Y, Sakanashi D, Suematsu H, Nakai H, 
Mikamo H (2017) In vitro and in vivo pharmacody-
namics of colistin and aztreonam alone and in com-
bination against multidrug-resistant Pseudomonas 
aeruginosa. Chemotherapy 62:105–110

	196.	Yang H, Chen G, Hu L, Liu Y, Cheng J, Li H, Ye Y, Li 
J (2015) In vivo activity of daptomycin/colistin com-
bination therapy in a Galleria mellonella model of 
Acinetobacter baumannii infection. Int J Antimicrob 
Agents 45:188–191

	197.	Yang H, Chen G, Hu L, Liu Y, Cheng J, Ye Y, Li 
J  (2016) Enhanced efficacy of imipenem-colistin 
combination therapy against multiple-drug-resistant 
Enterobacter cloacae: in vitro activity and a Galleria 
mellonella model. J  Microbiol Immunol Infect 
51(1):70–75

	198.	Yang H, Lv N, Hu L, Liu Y, Cheng J, Ye Y, Li 
J  (2016) In vivo activity of vancomycin combined 
with colistin against multidrug-resistant strains of 
Acinetobacter baumannii in a Galleria mellonella 
model. Infect Dis (Lond) 48:189–194

	199.	Yang Y, Bhachech N, Bush K (1995) Biochemical 
comparison of imipenem, meropenem and biape-
nem: permeability, binding to penicillin-binding pro-
teins, and stability to hydrolysis by beta-lactamases. 
J Antimicrob Chemother 35:75–84

	200.	Yang YS, Lee Y, Tseng KC, Huang WC, Chuang 
MF, Kuo SC, Lauderdale TL, Chen TL (2016) In 
vivo and in  vitro efficacy of minocycline-based 

combination therapy for minocycline-resistant 
Acinetobacter baumannii. Antimicrob Agents 
Chemother 60:4047–4054

	201.	Yu W, Zhou K, Guo L, Ji J, Niu T, Xiao T, Shen 
P, Xiao Y (2017) In vitro pharmacokinetics/phar-
macodynamics evaluation of fosfomycin combined 
with amikacin or colistin against KPC2-producing 
Klebsiella pneumoniae. Front Cell Infect Microbiol 
7:246

	202.	Zak O, O’Reilly T (1991) Animal models in the eval-
uation of antimicrobial agents. Antimicrob Agents 
Chemother 35:1527–1531

	203.	Zarkotou O, Pournaras S, Tselioti P, Dragoumanos 
V, Pitiriga V, Ranellou K, Prekates A, Themeli-
Digalaki K, Tsakris A (2011) Predictors of mortal-
ity in patients with bloodstream infections caused 
by KPC-producing Klebsiella pneumoniae and 
impact of appropriate antimicrobial treatment. Clin 
Microbiol Infect 17:1798–1803

	204.	Zavascki AP, Goldani LZ, Cao G, Superti SV, Lutz 
L, Barth AL, Ramos F, Boniatti MM, Nation RL, 
Li J  (2008) Pharmacokinetics of intravenous poly-
myxin B in critically ill patients. Clin Infect Dis 
47:1298–1304

	205.	Zeidler U, Bougnoux ME, Lupan A, Helynck O, 
Doyen A, Garcia Z, Sertour N, Clavaud C, Munier-
Lehmann H, Saveanu C, D’Enfert C (2013) Synergy 
of the antibiotic colistin with echinocandin antifun-
gals in Candida species. J  Antimicrob Chemother 
68:1285–1296

	206.	Zhai B, Zhou H, Yang L, Zhang J, Jung K, Giam CZ, 
Xiang X, Lin X (2010) Polymyxin B, in combination 
with fluconazole, exerts a potent fungicidal effect. 
J Antimicrob Chemother 65:931–938

	207.	Zhang L, Dhillon P, Yan H, Farmer S, Hancock RE 
(2000) Interactions of bacterial cationic peptide 
antibiotics with outer and cytoplasmic membranes 
of Pseudomonas aeruginosa. Antimicrob Agents 
Chemother 44:3317–3321

	208.	Zhao M, Bulman ZP, Lenhard JR, Satlin MJ, 
Kreiswirth BN, Walsh TJ, Marrocco A, Bergen 
PJ, Nation RL, Li J, Zhang J, Tsuji BT (2017) 
Pharmacodynamics of colistin and fosfomycin: 
a ‘treasure trove’ combination combats KPC-
producing Klebsiella pneumoniae. J  Antimicrob 
Chemother 72(7):1985–1990

	209.	Ziv G, Nouws JF, Van Ginneken CA (1982) The 
pharmacokinetics and tissue levels of polymyxin B, 
colistin and gentamicin in calves. J Vet Pharmacol 
Ther 5:45–58

P. J. Bergen et al.



289© Springer Nature Switzerland AG 2019 
J. Li et al. (eds.), Polymyxin Antibiotics: From Laboratory Bench to Bedside, Advances in  
Experimental Medicine and Biology 1145, https://doi.org/10.1007/978-3-030-16373-0_17

Toxicity in Patients

Jason M. Pogue and Vincent H. Tam

Abstract
Polymyxin toxicity remains a significant con-
cern that limits the clinical utility of this class 
of antibacterials for patient care. The most 
notable adverse event is the dose- and 
treatment-limiting nephrotoxicity that occurs 
in roughly 30–60% of patients receiving a sys-
temic polymyxin. This chapter focuses on this 
adverse event with a detailed assessment of 
the incidence of, and risk factors for, 
polymyxin-associated nephrotoxicity. In par-
ticular, the text focuses on the impact of dose, 
serum concentrations, and polymyxin selec-
tion on nephrotoxicity. Additionally, less com-
mon, but clinically important adverse events 
are discussed.

Keywords
Colistin · Colistimethate · Polymyxin B · 
Nephrotoxicity · Non-renal toxicities · 
Gram-negative bacteria

17.1	 �Introduction

Toxicity is an important consideration in evaluat-
ing the clinical utility of the polymyxins, and 
more remains to be learned on how to optimally 
use these agents. Originally introduced for use in 
the 1950s, polymyxin data that were published 
throughout the 1960s and into the early 1970s 
showed high rates of adverse events, notably 
nephrotoxicity and neurotoxicity. Although defi-
nitions were rarely given, nephrotoxicity rates of 
10–50% were described and these findings were 
compounded by neurotoxicity rates, largely man-
ifested as parasthesias, that, in some cases, 
exceeded 25% [1]. These seemingly unaccept-
able rates of toxicity, when combined with the 
new availability of less toxic antibiotics such as 
the aminoglycosides, and eventually the second 
and third generation cephalosporins, led to the 
polymyxins being rarely used clinically from the 
1970s until the early 1990s.

In the early 1990s, starting in the cystic fibro-
sis population, the polymyxins (primarily colis-
tin, formulated as its inactive prodrug 
colistimethate or CMS), started to have a resur-
gence of use because of the rise of resistant 
Gram-negative organisms. With the turn of the 
century, the spread of carbapenem-resistant 
Acinetobacter baumannii (CRAB) and multi-
drug resistant Pseudomonas aeruginosa through-
out intensive care units (ICUs) in both Europe 
and the United States, necessitated polymyxin 
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use in non-cystic fibrosis patients. This spread 
ultimately went worldwide, and was joined by 
outbreaks of carbapenem-resistant enterobacteri-
aceae (CRE). Therefore, the last 15 years, as pre-
viously described in this book, has led to a 
renaissance of the polymyxins. As these data 
from the “modern era” have more clear defini-
tions of toxicity, dosing regimens utilized, and 
descriptions of adverse events, they will be the 
focus of this chapter. For the purposes of this 
chapter the “modern era” will consist of poly-
myxin literature from approximately the year 
2000 except where specifically noted.

Undoubtedly, the main toxicity of concern 
with the polymyxins is nephrotoxicity, and it will 
be the major emphasis of the chapter. This dose-
limiting toxicity is well studied and clinically rel-
evant. The development of acute kidney injury, 
particularly in critically ill patients, can lead to 
increased mortality. Other toxicities that will be 
discussed are neurotoxicity, hypersensitivity, and 
potential respiratory toxicities seen with inhaled 
CMS.

17.2	 �Nephrotoxicity

Since their re-emergence, the true incidence of 
nephrotoxicity with the polymyxins remains 
highly controversial. The modern era consists of 
over 60 publications assessing nephrotoxicity 
rates with the polymyxins (over 80% of these 
papers relate to colistin). Initial reports in the 
modern era began with multiple analyses looking 
at the safety (and efficacy) of colistin in cystic 
fibrosis patients, with the reports published 
between 1990 and 2000. These four publications 
in cystic fibrosis patients suggested low inci-
dences of acute kidney injury (0–25%) [2–5]. 
Furthermore, when patients did develop toxicity 
it was mild (although no clear definitions were 
given) and reversible upon discontinuation. 
These findings were strengthened by initial data 
from Europe, largely from Greece, showing 
colistin nephrotoxicity rates less than 20%, with 
many publications showing toxicity to be in the 
5–19% range [6–15]. These data led many to per-
ceive the agent to be less toxic than previously 

believed. However, soon thereafter, multiple 
studies, largely from the United States, were pub-
lished showing higher incidences of colistin-
associated nephrotoxicity with rates often in the 
30–60% range [16–20]. Although data are more 
limited, similarly wide ranges of 4–60% [21–35] 
have been reported as the incidence of polymyxin 
B associated nephrotoxicity. When combining all 
these studies, nephrotoxicity is seen in 795/3036 
(26%) of patients receiving colistin, and 364/1075 
(34%) of patients receiving polymyxin B. 
Undoubtedly, a complication in interpreting the 
nephrotoxicity literature is that in the modern era 
polymyxin use is largely in critically ill patients 
often suffering from life-threatening infections. 
These patients have multiple risk factors (e.g. 
severe sepsis/septic shock, concomitant nephro-
toxins) for acute kidney injury and the contribu-
tion of the polymyxin to that injury is difficult to 
ascertain. The primary drivers of discordant 
results in these data are dose of colistin/poly-
myxin B given, and definition of nephrotoxicity. 
The following sections will look at: clinical fea-
tures of polymyxin nephrotoxicity; the impor-
tance of definition and dose on incidence of 
nephrotoxicity; the comparative nephrotoxicity 
of the polymyxins relative to other agents as well 
as each other; the impact of colistin serum levels 
on nephrotoxicity; the impact of a loading dose 
on toxicity; and, finally other risk factors identi-
fied for toxicity.

17.2.1	 �Clinical Features 
of Nephrotoxicity

Although detailed descriptions of the clinical fea-
tures of acute kidney injury are lacking in the cur-
rently available literature, there are some analyses 
that give us insight into the onset and reversibility 
in patients who develop nephrotoxicity while on 
polymyxin therapy. In the 12 studies reporting on 
onset of colistin-associated nephrotoxicity, 
54–100% of cases occur in the first week, with 
median times until onset ranging from 4 to 12 
days [17–20, 24, 26, 28, 36–40]. Although not as 
well described, the median onset of nephrotoxic-
ity in the nine polymyxin B studies ranged from 
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6 to 11 days [24, 26, 28–33]. Rates of reversibil-
ity vary widely in the literature and are compli-
cated by whether or not authors consider deaths 
in their reversibility analysis. In general, if a 
patient survives the acute event, reversibility 
rates range from 20% to 100% in 18 colistin stud-
ies [12, 16–18, 26, 36, 39, 41–50], and 69–100% 
in five polymyxin B studies [26, 30, 31, 34, 35] 
that report on this feature. Further data are needed 
addressing the long term outcomes of patients 
who develop acute kidney injury.

17.2.2	 �Impact of Definition

One of the primary features of polymyxin litera-
ture in the “old era” that made toxicity difficult to 
interpret was the lack of definitions for toxicity 
endpoints. While nephrotoxicity definitions in 
the modern era are well described in most analy-
ses, the actual definition varies greatly, which 
significantly impacts both the incidence of and 
risk factors for nephrotoxicity. In the ~50 colistin-
associated nephrotoxicity papers in the modern 
era, four definitions predominate. Two of these 
four definitions are commonly utilized in the 11 
unique polymyxin B toxicity analyses.

The most common definition seen in 14 (29%) 
of the colistin analyses are the RIFLE criteria 
[16–20, 26, 28, 40–43, 50–52]. The RIFLE crite-
ria present a grading system for toxicity, and rep-
resent a relatively sensitive measure for detecting 
modest decreases in renal function. The mini-
mum criteria for acute kidney injury with the 
RIFLE criteria are a serum creatinine rise to 1.5× 
the baseline creatinine or a decrease in creatinine 
clearance of 25% in order to meet the “Risk” 
stage. In the 14 colistin studies using this defini-
tion, nephrotoxicity was seen in 465/1232 (38%), 
which is a similar rate to the (12/40) 30% rate 
seen with three studies using similar criteria for 
defining toxicity of an increase of serum creati-
nine of 0.5 mg/dL from baseline [36, 53, 54].

Interestingly, when those same criteria 
(increase in serum creatinine of 0.5 mg/dL) are 
applied with additional conditions (e.g., serum 
creatinine has to be above the upper limit of nor-
mal), the rates significantly decrease. In the nine 

analyses (18% of total toxicity papers) using this 
definition, nephrotoxicity rates are much lower, 
and seen in 60/541 (11%) of patients [10–14, 
55–58].

The fourth commonly utilized toxicity defini-
tion seen in 8 (16%) of the colistin nephrotoxicity 
papers requires a much more significant rise in 
serum creatinine for toxicity to be met if a patient 
has normal baseline renal function (usually 
defined as a serum creatinine of ≤1.2  mg/dL), 
than if a patient has some degree of baseline renal 
insufficiency [15, 38, 44, 59–63]. The most com-
mon version of this definition requires the serum 
creatinine to rise to ≥2.0 mg/dL in normal renal 
function, while in patients with abnormal renal 
function an increase in serum creatinine of 1.5 
times the baseline value is needed. Therefore, 
both a patient with a baseline creatinine of 
0.6 mg/dL and one with a baseline of 1.3 mg/dL 
would need a rise to ≥2.0 mg/dL to reach the tox-
icity endpoint, despite the fact that would be a 
greater than tripling of creatinine in one instance. 
Using this definition, nephrotoxicity rates were 
lower and seen in 76/507 (15%) of patients. 
Importantly, as the toxicity endpoint is easier to 
meet in those with baseline renal insufficiency 
with this definition, it often leads to conclusions 
that chronic kidney disease (baseline creatinine 
greater than the upper limit of normal) is a risk 
factor for colistin-associated nephrotoxicity. 
Using this definition Montero showed nephrotox-
icity in 5/107 (5%) of patients with normal renal 
function compared to 5/14 (36%) of patients with 
baseline renal insufficiency [61]. Similar results 
by Bassetti [62] and Betrosian [63] show the 
importance of this definition on both lowering the 
overall incidence of nephrotoxicity (poor detec-
tion of mild-moderate toxicity in patients with 
low baseline creatinine), and identification of 
baseline renal insufficiency as a risk factor.

While the number of nephrotoxicity analyses 
with polymyxin B (n  =  15) limit the ability to 
robustly perform a similar analysis, the data, as 
scant as they are, support similar conclusions. 
When limiting only to definitions used in three or 
more different studies, analyses that used the 
more sensitive RIFLE criteria showed toxicity in 
122/310 (39%) of patients [26–28, 35], whereas 
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analyses using a much less sensitive measure of 
requiring a doubling of serum creatinine +/− 
additional conditions (e.g. to a creatinine 
≥2.0 mg/dL) showed a lower cumulative toxicity 
incidence of 16/96 (17%) [23, 30, 34].

17.2.3	 �Impact of Dose

While dosing in patients with normal renal func-
tion is relatively consistent in the polymyxin B 
literature (1.5–2.5 mg/kg/day), this is not the case 
with colistin. Because of substantially different 
daily dose recommendations in the package 
inserts of the different colistimethate products 
used around the world, until recently daily doses 
utilized in Europe have commonly been ~50 to 
75% of the daily dose used in the United States, 
Korea, Thailand, Brazil and Australia. The last 
few years has seen doses in Europe more similar 
to those used in other countries. Additionally, as 
the dose outside of Europe is a weight-based rec-
ommendation without clear instruction of what 
dosing weight to use (ideal body weight, total 
body weight, or adjusted body weight), the actual 
doses that patients receive can vary significantly 
and are often poorly described. This is of particu-
lar importance as multiple studies have shown a 
dose-dependent toxicity with both polymyxin B 
and colistin.

17.2.3.1	 �Different Scheduled Doses 
of Colistin and Rates 
of Nephrotoxicity

In the colistin literature five different dosing 
schedules predominate. They are 3–6 MU (100–
200  mg CBA)/day, 9  MU (300  mg CBA/day), 
3–9 MU (100–300 mg/day), 5 mg/kg/day CBA 
(for 70 kg patient, 350 mg CBA/day or 10.5 MU/
day), and 2.5–5  mg/kg/day CBA (175–350  mg 
CBA/day or 5.3–10.5  MU/day). The fact that 
inconsistent or poorly described renal dosing 
strategies were employed further complicates 
these data, however, the impact of these different 
scheduled dosing strategies on nephrotoxicity 
rates is very apparent. In 19 studies including 
1358 patients receiving 2.5–5  mg/kg of CBA a 
day, nephrotoxicity was seen in 500 (37%) of 

patients [8, 16–20, 24, 26, 28, 36, 37, 44, 47–50, 
52, 55, 61]. This is in contrast to lower toxicity 
rates seen in studies where patients received daily 
doses of 3–6 MU (7%, n = 259) [7, 9, 10, 12, 13, 
53, 56, 62, 64], 9 MU (16%. n = 315) [6, 15, 39, 
45, 60, 63, 65], and 3–9 MU (21%, n = 415) [38, 
42, 52], respectively. This stepwise increase in 
toxicity rates as daily doses rise from 3–6 MU/
day to 9 MU/day to doses greater than 9 MU/day 
seen in patients being dosed on mg/kg of CBA/
day shows the importance of dose used on the 
incidence of nephrotoxicity reported.

17.2.3.2	 �Individual Studies Assessing 
the Association 
Between Dose 
and Nephrotoxicity 
for Colistin

In the 14 studies assessing risk factors for 
colistin-associated nephrotoxicity, 6 showed an 
association between either daily dose (n = 5) or 
cumulative exposure/duration of therapy (n = 3). 
Hartzell and colleagues found that patients with 
toxicity had a cumulative colistin exposure of 
6454 ± 3421 mg of CBA as compared to an expo-
sure of 4727  ±  3263  mg in those who did not 
(p  =  0.005) [16]. In a multivariate analysis, 
Rattanaumpawan showed that duration of colistin 
(OR. 1.1 (95% confidence interval 1.03–1.19)), a 
CBA dose of 3–5  mg/kg/day (OR 3.1 95% CI 
1.3–7.5), and a dose of >5 mg/kg/day (OR 15.3 
(3.9–60.6) were risk factors for nephrotoxicity 
[37]. Pogue and colleagues showed a similar 
stepwise increase in risk of nephrotoxicity from 
3.3 (0.8–13.0) to 23.4 (5.3–103.6) when the dose 
went from 3 to 4.9 mg/kg/day to ≥5 mg/kg/day 
[18]. Similar findings were seen in three other 
analyses [17, 24, 52], and highlight the dose-
dependent nature of colistin-associated 
nephrotoxicity.

17.2.3.3	 �The Impact of Dose 
on Toxicity with Polymyxin B

In the nine studies analyzing risk factors for poly-
myxin B associated nephrotoxicity in the 
“modern-era”, two showed an association 
between dose (n = 1) and duration (n = 1) of poly-
myxin B and toxicity. Elias and colleagues ana-
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lyzed predictors of nephrotoxicity in 235 patients 
eligible for the toxicity endpoint. Patients receiv-
ing ≥200 mg/day of polymyxin B had an adjusted 
odds ratio of 4.5 (1.6–12.9) for the development 
of severe renal impairment [21]. Mostardiero and 
colleagues analyzed polymyxin use in 92 (90 
received polymyxin B, 2 received colistin) solid-
organ transplant patients [29]. In multivariate 
analysis, duration of polymyxin therapy (OR 
1.06 (1.00–1.12) was independently associated 
with renal dysfunction.

Two more recent analyses have also assessed 
the impact of polymyxin B dose and incidence of 
nephrotoxicity. Nelson and colleagues assessed 
safety and efficacy endpoints related to poly-
myxin B dose with 109 patients able to be 
assessed for the safety endpoint [66]. In this anal-
ysis receipt of daily doses ≥250 mg were associ-
ated with higher rates of acute kidney injury 
(8/12 (67%) receiving this dose developed AKI, 
versus 31/97 (32%) of those who received lower 
doses; p = 0.03) and in multivariate analysis daily 
doses ≥250 mg were an independent predictor of 
AKI (OR 4.32, 95% CI 1.15–16.25.) Similarly, 
Rigatto and colleagues assessed risk factors, 
including dose, for AKI in patients receiving 
polymyxin B therapy [67]. In bivariate analysis, 
AKI developed in 33/103 (32%), 109/202 (54%), 
and 47/105 (44%) of patients receiving <150 mg, 
150–199 mg, and ≥200 mg of polymyxin B daily, 
respectively (p = 0.001). In accordance with these 
results, polymyxin B doses ≥150  mg/day were 
highly associated with AKI in multivariate mod-
eling (HR 9.81, 95% CI 2.37–40.62), but no addi-
tional risk was seen with doses ≥200 mg/day.

Much like difference in toxicity definitions, 
dosing variability driven by differences in pack-
age insert recommendations, contribute consid-
erably to the discordant results seen for 
nephrotoxicity in the polymyxin literature. This 
is much more apparent in the colistin literature, 
as the doses vary more greatly than in the poly-
myxin B literature. However, with recent clini-
cal practices moving towards the upper end (or 
even slightly beyond the upper end) of the pack-
age insert dosing recommendation for poly-
myxin B, a similar association is becoming 
apparent.

17.2.4	 �Polymyxin Nephrotoxicity 
Rates in Comparison to Other 
Antimicrobials

Another difficulty in interpreting the polymyxin 
nephrotoxicity literature is that most analyses are 
descriptive in nature, thus making it difficult, if 
not impossible, to assess the independent impact 
of the polymyxin exposure on toxicity. There are 
12 studies (11 colistin, 1 polymyxin B) compar-
ing the safety of these agents with other antimi-
crobial classes, and the findings of these studies 
are summarized in Table 17.1.

In general, the comparative data suffer from 
similar limitations to the ones previously dis-
cussed; namely inconsistent dosing, definitions 
of nephrotoxicity, and small sample sizes. There 
are three studies that show a statistically signifi-
cant difference between a polymyxin and a com-
parator. Paul and colleagues compared 
nephrotoxicity in patients on colistin to those 
receiving other active agents for infections due to 
A. baumannii, P. aeruginosa, or enterobacteria-
ceae [60]. Using a definition for nephrotoxicity 
that differed in patients with normal baseline cre-
atinine (serum creatinine >2 mg/dL, a decrease in 
creatinine clearance of 50% or the need for renal 
replacement therapy) from those with baseline 
renal insufficiency (increase in serum creatinine 
of 50%, decrease in creatinine clearance of 50%, 
or the need for renal replacement therapy), the 
authors showed an increase of toxicity with colis-
tin (26/168 (16%) vs. 17/244 (7%) for compara-
tors, p = 0.006.) The second analysis by Kvitko 
and colleagues was a comparison of toxicity in 
patients receiving polymyxin B compared to 
those receiving other anti-pseudomonal agents 
for the treatment of P. aeruginosa bacteremia 
[22]. In this analysis, nephrotoxicity, defined as 
an increase in serum creatinine ≥50% for the 
baseline value, occurred in 16/45 (36%) of 
patients on polymyxin B compared with 10/88 
(11%) of patients on other anti-pseudomonals 
(p = 0.002). Interestingly, the third analysis show-
ing a significant difference between a polymyxin 
and comparator showed rates of nephrotoxicity, 
using a definition of doubling of serum creatinine 
or a decrease in creatinine clearance of 30%, to 
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be higher with inactive therapy (i.e. agents lack-
ing in vitro activity against the causative patho-
gen) than colistin (24/78 (31) colistin vs. 10/15 
(67) inactive; p = 0.02.) [47] It should be noted 
however, that mortality was 80% in the inactive 
therapy group, and thus worsening sepsis due to 
inactive agents likely influenced the development 
of acute kidney injury. While the other analyses 
do not show statistically significant increases in 
toxicity with polymyxins, they are often numeri-
cally higher, and the failure to see statistical sig-
nificance is often due to small sample sizes. 
Based on these data, it is reasonable to conclude 
that in general the polymyxins are more nephro-
toxic than other antimicrobials.

17.2.5	 �Comparative Toxicity 
of Colistin and Polymyxin B

As previously discussed, one of the primary driv-
ers between preferential use of colistin over poly-
myxin B in both the “old” and “modern” era of 
the polymyxins was the belief that colistin was 
less nephrotoxic than polymyxin B. This theory 
was largely debunked when data showed that 
larger doses of colistin (in the form of CMS) 
were needed for efficacy, and when the two were 
“on equal terms” that toxicity would be equal. To 
date there are six analyses and one meta analysis 
available in the literature attempting to assess the 
comparative nephrotoxicity of the polymyxins.

The first analysis, published in 2009 by 
Oliveira and colleagues, compared rates of neph-
rotoxicity, defined as a twofold increase in serum 
creatinine at any time during the treatment or an 
increase by 1 mg/dL if the patient had a baseline 
creatinine >1.4  mg/dL, between 39 patients 
receiving colistin and 30 receiving polymyxin B 
[23]. Median daily dose in the study was 6 MU 
(range 1–9 MU) for CMS (200 mg CBA (range 
33–300 mg) and 100 mg (range 40–150 mg) for 
polymyxin B.  The onset of renal impairment 
occurred in 10/39 (26%) and 8/30 (27%) 
(p = 0.92) of patients receiving colistin and poly-
myxin B, respectively, and the authors concluded 
there was no difference in toxicity between the 
two.

The second study, by Tuon and colleagues in 
2013, analyzed risk factors for acute kidney 
injury, defined by the AKIN criteria, in patients 
receiving colistin and polymyxin B [24]. In 
bivariate analysis, the incidence of acute kidney 
injury was numerically higher with colistin 
(14/36, 39%) than polymyxin B (20/96, 21%), 
p  =  0.06. However, when controlling for poly-
myxin dose and concomitant vancomycin in the 
multivariate model, colistin (compared to poly-
myxin B) use was not significantly associated 
with an increased risk for toxicity (adjusted odds 
ratio 1.74 [95% confidence interval 0.82–3.69]).

The third analysis, also published in 2013 by 
Akajagbor and colleagues [26], compared neph-
rotoxicity rates, defined by the RIFLE criteria, 
between 173 patients receiving one of the two 
polymyxins. Nephrotoxicity was seen in 64/106 
(60%) of patients receiving colistin, and 28/67 
(41.8%) of patients receiving polymyxin B, 
p = 0.03. When controlling for age, hypertension, 
vasopressors, and concomitant nephrotoxins, 
colistin use was independently associated with an 
increased risk for nephrotoxicity (Hazard Ratio 
2.27 (1.35–3.82); p = 0.002).

While the previous two analyses suggested 
that colistin might in fact be associated with 
higher rates of nephrotoxicity they also suffered 
from the same major limitation. Since it was only 
recently appreciated that polymyxin B is not 
renally eliminated, and therefore should not have 
renal dose adjustments, patients with baseline 
renal insufficiency (likely those with creatinine 
clearances ≤80 mL/min) underwent unnecessary 
dose adjustments, and therefore likely had lower 
polymyxin B exposure. With both polymyxins 
showing a dose-dependent toxicity, this makes it 
extremely difficult to interpret these findings.

Phe and colleagues were the first to attempt to 
address this limitation. They compared nephro-
toxicity rates, defined by the RIFLE criteria, of 
the polymyxins, in a multicenter cohort study 
limiting inclusion to those with stable, normal 
(baseline creatinine ≤1.5 mg/dL) renal function. 
In the overall cohort of 225 patients, nephrotox-
icity was seen in 41/121 (34%) of patients receiv-
ing colistin, compared to 24/104 (23%) of 
patients receiving polymyxin B, p = 0.08) [28]. 
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The authors then provided a matched cohort anal-
ysis controlling for the factors associated with 
colistin and polymyxin B nephrotoxicity. In this 
well-matched analysis (n  =  38  in each group) 
median daily doses were 291 mg CBA (5.0 mg/
kg/day of ideal body weight) for colistin (median 
dose 8.8  MU, dosed at 0.152  MU/kg/day) and 
126 mg (2.1 mg/kg/day of ideal body weight) for 
polymyxin B.  Nephrotoxicity was seen in 21 
(55%) of patients receiving colistin compared to 
8 (21%) on polymyxin B, p = 0.003.

Rigatto and colleagues published data from a 
large cohort (n  =  491, including 81 receiving 
colistin and 410 receiving polymyxin B) of 
patients that also overcame the previous limita-
tions, as the institutions involved in this analysis 
did not recommend renal dose adjustments for 
polymyxin B [68]. This more optimal dosing 
strategy was reflected in the median doses used 
with both colistin (median dose 300  mg CBA 
interquartile range (IQR) 253–300) and poly-
myxin B (150 mg IQR 140–187) in this analysis. 
Using these dosing strategies, which better reflect 
currently recommended doses of both polymyx-
ins, the authors found that the rate of renal failure 
(the “F” category of the RIFLE criteria, or a rise 
in creatinine three times the baseline or a decrease 
in creatinine clearance ≥75%) to be significantly 
higher with colistin than polymyxin B (38.3% vs. 
12.7%, p < 0.001), with colistin being an inde-
pendent predictor of renal failure in the multivari-
ate model (HR 3.35 95% CI 2.05–5.48).

The five aforementioned studies were included 
in a meta-analysis by Vardakas and Falagas [69]. 
The authors concluded that when combining 
these data colistin was associated with risk ratio 
of 1.55 (95% CI 1.36–1.78) for nephrotoxicity 
when compared to polymyxin B. While the find-
ings of this meta-analysis are interesting and sup-
port the emerging conclusion that colistin is 
associated with increased toxicity when com-
pared to polymyxin B, it is worth mentioning that 
the same limitations from the first three studies 
described above (inappropriate renal dosing of 
polymyxin B) do play a role in the findings of this 
meta analysis.

The sixth and final analysis assessing com-
parative nephrotoxicity rates in both a non-cystic 

fibrosis (n = 194; 45 polymyxin B and 149 colis-
tin) and a cystic fibrosis (n = 220; 29 polymyxin 
B and 191 colistin) population found no associa-
tion between polymyxin choice and AKI [70]. 
Acute Kidney Injury occurred in 21/49 (43%) 
and 73/145 (50%) of polymyxin B and colistin 
patients in the non-cystic fibrosis population 
(p = 0.46). Similarly there was no difference in 
AKI rates in the cystic fibrosis patient population 
(10/29 (35%) and 57/191 (30%); p = 0.77). It is 
worth mentioning that due to the temporal nature 
of this study (polymyxin B recently became the 
formulary preferred agent with the advent of 
recent pharmacokinetic and safety data) that 
while polymyxin B was dosed in what would be 
considered an optimal manner (loading dose used 
in 74% of non-cystic fibrosis patients followed 
by a median daily maintenance dose of 
200  mg  ±  83  mg), colistin loading doses were 
used less frequently (14% of non CF patients) 
and maintenance doses were lower than generally 
recommended (226  ±  106.1  mg/day CBA). 
Because of these dosing differences between the 
two polymyxins, these data are not as strong as 
the two aforementioned studies which showed an 
association between polymyxin selection and 
toxicity.

Although it is not a universal finding, and the 
data are limited by study design there is a strong 
suggestion in the literature that polymyxin B 
might be less toxic to the kidneys than colistin. 
Prospective studies, looking at both pharmacody-
namic and toxicodynamic effects of achievable 
concentrations of both polymyxins are urgently 
needed to assure that the polymyxin with the 
superior benefit-to-cost ratio is being utilized.

17.2.6	 �Serum Levels 
and Nephrotoxicity

There have been four analyses with colistin 
reporting on serum concentrations obtained and 
rates of nephrotoxicity, only two of which looked 
directly at the association between concentra-
tions and incidence of acute kidney injury. 
Markou [65] and Karnik [64] reported on phar-
macokinetics of colistin after administration of 
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intravenous CMS in 14 and 15 critically ill 
patients, respectively. Patients in these analyses 
had maximum serum concentrations 2.93 ± 1.24 
and 4.6 (2.5–23.2) mcg/mL, respectively. 
Although nephrotoxicity was not clearly defined 
or incidence stated in either of these analyses, 
zero patients had any “clinically significant 
changes in laboratory values” related to renal 
parameters. Conversely, in the largest currently 
available pharmacokinetic study in critically ill 
patients where the median steady state colistin 
level was 2.36 (0.48–9.38) mcg/mL, Garonzik 
and colleagues reported that 43/89 (48%) of 
patients who did not have pre-existing need for 
renal replacement therapy had a rise in serum 
creatinine of ≥50% [71].

Sorli and colleagues published the first analy-
sis assessing the association between serum lev-
els and nephrotoxicity defined by the RIFLE 
criteria [42]. The investigators performed colistin 
trough sampling after 3  days of treatment and 
looked at the influence of those levels on nephro-
toxicity at day 7 and the end of therapy. A 
concentration-dependent toxicity was seen at 
both endpoints with a 2% toxicity rate at day 7 if 
the day 3 serum colistin concentration was 
≤1.04  mcg/mL, compared to a 32% rate if the 
concentration was between 1.05 and 2.2  mcg/
mL, and a 65% rate if the concentration was 
>2.2 mcg/mL. A similar concentration dependent 
effect was seen at the end of therapy, with day 3 
concentrations >2.2  mcg/mL being associated 
with an 85% chance of toxicity at the end of 
therapy.

More recently, Forrest and colleagues pub-
lished a toxicodynamic analysis from a pharma-
cokinetic study which included 153 critically ill 
patients who could be assessed for a nephrotoxic-
ity endpoint [72]. In this analysis the authors 
demonstrated a clear association between aver-
age colistin steady state concentrations, baseline 
renal function, and both the incidence and sever-
ity of colistin-associated nephrotoxicity. For 
patients with a baseline creatinine clearance 
<80  mL/min, average colistin steady state con-
centrations of 1.88 mcg/mL or higher increased 
the incidence and severity of acute kidney injury, 
whereas in patients with creatinine clearances 

≥80  mL/min concentrations ≥2.25  mcg/mL 
increased this risk. These toxicity thresholds 
identified are consistent with those demonstrated 
in the aforementioned study by Sorli and col-
leagues. Furthermore, much like in the Sorli anal-
ysis, the rates of acute kidney injury were very 
high when these thresholds were met with 
roughly 50% and 65% of patients in the different 
baseline renal function groups demonstrating a 
≥  50% reduction in creatinine clearance at or 
above these concentrations.

17.2.7	 �Polymyxin Loading Dose 
and Nephrotoxicity

Recent pharmacokinetic data have stressed the 
importance of a loading dose, usually in the 270–
360  mg CBA range, in order to rapidly obtain 
target serum concentrations with colistin, and 
more limited data suggest that, although not as 
crucial, a loading dose of 2–2.5 mg/kg can help 
more rapidly achieve steady state concentrations 
with polymyxin B. The chief concern, in light of 
the dose-dependent toxicity described in this 
chapter is the impact that a one-time large dose 
might have on nephrotoxicity. To date, limited 
evidence exists exploring the safety (and effi-
cacy) of a polymyxin loading dose. The four 
studies to date assessing the impact of a poly-
myxin loading dose are limited by differing defi-
nitions of loading dose, different polymyxins 
being used, small numbers, and the fact that ana-
lyzing the impact of the loading dose on AKI 
rates was not the primary objective of the study.

Nelson and colleagues found that rates of 
nephrotoxicity in patients receiving a polymyxin 
B loading dose (defined as initial dose ≥2.5 mg/
kg) was not associated with an increased risk of 
AKI [66] (AKI occurred in 9/19 (47%) of patients 
who received a loading dose versus 30/90 (33%) 
of those who did not; p = 0.30). Conversely, in an 
analysis of 81 colistin patients Rigatto and col-
leagues found that renal failure occurred in 17/22 
(77%) of patients who received loading doses 
compared to 14/59 (24%) who did not (p < 0.001) 
[68]. It is worth mentioning that the primary 
intent of this analysis, as described above, was to 
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compare AKI rates in patients receiving colistin 
and polymyxin B, and a post hoc analysis of 
these 81 colistin patients showed significant dif-
ferences between patients who received loading 
doses and those who did not, including differ-
ences in baseline renal function and chronic 
comorbidities. Nonetheless, when controlling for 
these differences in the post hoc analysis, receipt 
of a colistin loading dose was associated with an 
increased risk of AKI (HR 5.2; 95% CI, 
2.3–12.0).

Crass and colleagues assessed the incidence 
of AKI in the 56 patients who received a loading 
dose with either colistin or polymyxin B and 138 
who did not, and found no association in either 
bivariate (HR 0.67 95% CI 0.39–1.17) or multi-
variate (HR 0.78 95% CI 0.42–1.46) analyses 
between receipt of a polymyxin loading dose and 
AKI [70]. Finally, while Shields and colleagues 
found an association with colistin loading dose 
and AKI on day 7  in bivariate analysis [73] 
(42/118 (36%) vs. 31/131 (24%); p = 0.05), this 
did not persist on multivariate analysis when con-
comitant vancomycin and higher maintenance 
dose strategies were controlled for (p = 0.28).

The safety of a polymyxin loading dose 
remains unclear. The data presented here are lim-
ited by small numbers as well as the lack of uni-
form definition of a loading dose (three of the 
four studies did not clearly define what consti-
tuted a loading dose). Further data, in larger pop-
ulations with clearly defined (and 
pharmacokinetically optimized) loading doses 
are clearly warranted to further assess this 
strategy.

17.2.8	 �Other Risk Factors 
for Polymyxin Nephrotoxicity

While dose and subsequent concentration are 
important predictors of nephrotoxicity, several 
other risk factors have been identified in the lit-
erature. In 18 publications looking at risk factors 
for nephrotoxicity with either colistin or poly-
myxin B, 15 identified at least one additional fac-
tor in either bivariate or multivariate analyses. In 
addition to many variables related to polymyxin 

therapy (daily dose, cumulative dose, duration of 
therapy), concomitant nephrotoxins [17, 18, 25, 
35, 37, 50, 61] (including vancomycin), chronic 
kidney disease [21, 25, 50, 61], age [17, 30, 37], 
and body mass index [19, 35] are seen repeatedly 
as predictors of toxicity. Other risk factors that 
have been identified are malignancy [48], length 
of stay [48], concomitant rifampin [18], hypoal-
buminemia [46], and site of infection [25].

17.2.9	 �Conclusion

While debate continues to exist about just how 
nephrotoxic the polymyxins are, there is little 
doubt that (a) they are nephrotoxic and (b) they 
are more nephrotoxic than other agents used for 
Gram negative infections. Importantly, the rela-
tionship between dose, serum/plasma levels, and 
rates of toxicity suggest that there is potential for 
minimizing this toxicity with therapeutic drug 
monitoring. Unfortunately, the feasibility of 
doing that with colistin is difficult, due to issues 
with continued conversion from the prodrug 
(CMS) to active colistin unless samples are very 
carefully collected, processed, stored and anal-
ysed. This represents a potential advantage for 
polymyxin B, for which therapeutic drug moni-
toring would be more straightforward.

In addition to identifying the appropriate or 
optimal dose, other strategies to minimize poly-
myxin nephrotoxicity would include minimizing 
the use of concomitant nephrotoxins. Another 
potential strategy for limiting toxicity would be 
the co-administration of anti-oxidants; however, 
clarity on this preventative strategy is urgently 
needed. As oxidative stress is considered to have 
a key role in tubular cell apoptosis, interest sur-
rounding the possible protective role of anti-
oxidants has emerged. Animal data have 
suggested that co-administration of ascorbic acid 
can mitigate colistin-associated nephrotoxicity 
[74]; however, clinical data to date have been 
mixed [75, 76]. Adequately powered and well 
controlled studies are needed to clearly address 
the question.

Furthermore, it will be interesting to see if 
dose frequency strategies can mitigate 
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nephrotoxicity. A study in rats suggested dividing 
daily CMS doses thrice daily could decrease the 
incidence and severity of renal lesions when 
compared to twice daily administration of the 
same daily dose [77] These data, in addition to 
the in vitro data suggesting the potential for resis-
tance suppression with more frequent dosing 
[78], are the basis for expert recommendations of 
dividing the daily dose of CMS (e.g. divided 
daily dose administered 8 hourly). While this is a 
reasonable approach, the relevance of these find-
ings is questionable given that these analyses had 
significantly different Cmax and Cmin concen-
trations (high Cmax, low Cmin), particularly with 
less frequent dosing, and clinical pharmacokinet-
ics from critically ill patients suggest a relatively 
constant, flat, concentration-time profile in 
human patients given the slow conversion from 
CMS to colistin [71]. Conversely, data with poly-
myxin B suggest a saturable toxicity similar to 
the aminoglycosides which would more lend 
itself towards a once-daily dosing strategy [79]. 
Future analyses should analyze dose frequency 
strategies on the incidence of toxicity in patients. 
Finally, further research is needed to identify if 
one polymyxin, when dosed optimally, truly is 
less nephrotoxic than the other.

17.3	 �Neurotoxicity

Neurotoxicity is much less commonly reported in 
the modern literature, and even when investi-
gated, rates tend to be much lower than rates in 
the “old” polymyxin era. This seemingly safer 
use of the agents is undoubtedly related to the 
patient population now treated with polymyxins. 
In the old era polymyxins were used as first-line 
agents for treating a wide variety of infections, 
including infections in relatively healthy individ-
uals. Conversely, in the modern era, use is often 
limited (due to concerns relating to toxicity and 
emergence of resistance) to critically ill patients 
with no other treatment options; therefore, many 
of the toxicities mentioned in the old literature 
are often not evaluable or are undetected due to 
heavily sedated or otherwise unresponsive 
patients. Therefore, all incidences of neurotoxic-

ity in the modern literature must be analyzed with 
this understanding.

In total 19 studies assess possible colistin-
associated neurological toxicity [6, 7, 10, 13–16, 
23, 43, 45, 47–49, 54, 59, 61–64], with 8 of them 
reporting at least one case of an adverse event. 
Four studies have investigated neurological tox-
icity possibly related to polymyxin B with three 
of them reporting two instances each of an 
adverse event. No analysis showed greater than a 
7% neurotoxicity rate, and not all neurological 
adverse events were considered associated with 
the polymyxin.

Manifestations of neurotoxicity possibly asso-
ciated with colistin have varied greatly. Averbuch 
and colleagues reported on two patients who had 
convulsions, although neither was considered 
drug related as one patient had uncontrolled epi-
lepsy, and the other had multifocal encephalopa-
thy [43]. Hartzell and colleagues reported on two 
patients (out of a cohort of 66) who had parasthe-
sias [16], while Sabuda [54] and colleagues 
described four cases of neurological adverse 
events in patients receiving colistin. In this analy-
sis patient 1 had somnolence, but was on gaba-
pentin, baclofen, tizanidine and these agents 
were considered more likely as a root cause. 
Patient 2 suffered from dizziness, but MRI 
showed progression of cancer. The authors only 
stated that patient 3 had “neurotoxicity”. Patient 
4 was probably the most convincing, as this 
patient was on 500  mg CBA/day (15  MU/day) 
and had encephalopathy, respiratory muscle 
weakness with no other obvious cause. Kasaikou 
reported on a patient who developed polyneurop-
athy on day 25 of colistin therapy [10], however 
the patient continued treatment for 11 more days 
and it gradually subsided. Durakovic described a 
patient who developed Jackson’s partial epilepsy 
with a secondary generalization in which the 
investigators reduced the dose and the seizure 
activity ceased [45]. Cheng and colleagues 
described neurotoxicity in 4 (3.5%) of 115 
patients manifesting as focal seizures in the 
extremity in 3 patients, and as altered mental sta-
tus in the fourth [48]. Encouragingly, none of the 
patients had permanent sequelae. Kallel reported 
on one patient receiving colistin who had 
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muscular weakness during hospitalization that 
recovered at 1  month follow up [7]. Finally, 
Linden and colleagues described a case that man-
ifested as diffuse weakness on day 10 of colistin 
therapy that resolved 1  week after cessation of 
colistin therapy [80].

Polymyxin B neurotoxicity, while much less 
commonly described, showed similar variations 
in its clinical presentation. Sobieszczyk reported 
on two cases of neurotoxicity, which manifested 
as seizures in one patient and neuromuscular 
weakness in the other [34]. Holloway described 
one patient with altered mental status, and one 
with distal parasthesias [31]. Finally, Weinstein 
and colleagues reported on two patients who 
experienced parasthesias (both oral, and one 
lower extremity as well) which resolved after dis-
continuation [81].

17.4	 �Other Toxicities

Although infrequent, incidences of other adverse 
events potentially related to colistin therapy have 
been reported in the modern literature. Pintado 
and colleagues described two cases of potential 
hypersensitivity reactions to colistin where one 
patient had a mild self-limiting rash, and the sec-
ond had angioedema that led to discontinuation 
of colistin [59]. Additionally, these authors men-
tioned one patient who had vomiting that was 
temporally related to colistin administration [59]. 
Similarly, Durakovic reported on occurrence of 
an “allergic reaction” to colistin [45]. 
Unfortunately, no more details of this case were 
given. Karnik described three patients who had 
elevated liver enzymes, one of which was thought 
to be possibly related to colistin administration 
[64]. Additionally, the authors described one 
patient who had hypokalemia and hyponatremia 
[64].

Interestingly, an emerging body of evidence 
has suggested an association between polymyxin 
B usage and skin hyperpigmentation. Two initial 
reports suggested a possible association between 
long-term (>21 days) polymyxin B exposure and 
hyperpigmentation [82, 83] which was described 
as a darkening of the skin [82] or “gray-skin dis-

coloration” [83]. More recently Zavascki and 
colleagues described a case where a patient 
developed a “head and neck skin darkness” that 
was evident by day 14 of polymyxin B which had 
not resolved 3 months later [84]. According to the 
Naranjo Adverse Drug Reaction probability 
scale, there was a probable association between 
polymyxin B and the adverse event. The same 
investigator published an additional case report 
where hyperpigmentation occurred 5  days into 
polymyxin B therapy and consisted of skin dark-
ening and the emergence of round hyperchromic 
spots. This report included longer term follow up 
and the hyperpigmentation had somewhat 
resolved at 3  months and nearly completely 
resolved at the 6  month follow up visit [85]. 
Further investigation into this adverse event is 
clearly warranted.

Two analyses have looked closely at respira-
tory toxicities following nebulized colistin. 
Dominguez-Ortega described a 63-year-old man 
who developed severe bronchospasm after 
administration of nebulized colistin (in the form 
of CMS). Interestingly, the authors were able to 
successfully administer inhaled colistin to this 
patient in the future by inducing tolerance with a 
graded challenge [86]. Rattanaumpawan and col-
leagues reported a rate of bronchospasm 7.8% in 
49 patients who received nebulized colistimeth-
ate as adjunctive therapy for ventilator-associated 
pneumonia, but this was not statistically higher 
than the 2.0% rate seen in the control arm 
(p = 0.36) [87]. Importantly, in 2007, the United 
States Food and Drug Administration issued a 
warning regarding a cystic fibrosis patient who 
had a potential fatal adverse reaction to nebulized 
colistin [88]. Within hours of receipt of nebulized 
colistin (in the form of CMS) the patient devel-
oped respiratory distress, which progressed to 
respiratory failure, and ultimately death. The 
analysis concluded that a component of active 
colistin (polymyxin E1) is toxic to lung tissue, 
and since the inhaled colistimethate had been 
premixed well before administration, significant 
conversion to colistin had already occurred, and 
this might have been the cause of the toxicity. 
The FDA cautioned that in the future doses of 
nebulized colistin should be reconstituted 
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immediately before administration, and clini-
cians be aware of this potentially fatal adverse 
event. Pereira and colleagues published the only 
analysis in the modern era looking at respiratory 
toxicities with inhaled polymyxin B (50 mg twice 
daily administration) [89]. All patients were 
given pretreatment with beta-agonists in order to 
minimize respiratory adverse events; however, 
the authors reported that 4 of 19 patients (21%) 
suffered adverse events with three described as 
bronchospasm and one as “cough.” All four 
patients were able to tolerate inhalation of poly-
myxin B with dose reduction, although the dose 
reduction used was not described. The role of 
beta-agonists for prevention of bronchospasm 
warrants further evaluation.

17.5	 �Summary and Conclusions

By far, the most commonly manifested toxicity 
seen with both polymyxins is nephrotoxicity. 
While the reported rates might vary widely, sig-
nificant attention should be given by clinicians to 
strategies to minimize renal toxicity. These strat-
egies include dose optimization, minimizing risk 
factors (namely receipt of concomitant nephro-
toxins), and in the future, selection of the optimal 
polymyxin. Future studies on the topic should 
also describe management of patients with mild-
moderate nephrotoxicity to help guide clinicians 
(for example: in the setting of acute kidney injury, 
should polymyxin be continued with a dose 
reduction?). Clinicians should also be aware of 
the various manifestations of neurotoxicity 
described in this chapter, and alternative antibiot-
ics (if available) should be administered if possi-
ble. Encouragingly, multiple analyses reported 
tolerance and resolution of mild neurotoxicity 
over time without discontinuation of therapy. As 
hypersensitivity reactions have been described, 
monitoring is warranted upon initiation of poly-
myxin therapy in patients. Finally, if patients 
receive inhaled colistin (in the form of CMS), cli-
nicians should be aware of the potential for bron-
chospasm, and doses should be reconstituted 
immediately prior to administration.
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Mechanisms of Polymyxin-Induced 
Nephrotoxicity
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Tony Velkov, and Jian Li

Abstract
Polymyxin-induced nephrotoxicity is the 
major dose-limiting factor and can occur in up 
to 60% of patients after intravenous adminis-
tration. This chapter reviews the latest litera-
ture on the mechanisms of polymyxin-induced 
nephrotoxicity and its amelioration. After fil-
tration by glomeruli, polymyxins substantially 
accumulate in renal proximal tubules via 
receptor-mediated endocytosis mainly by 
megalin and PEPT2. It is believed that subse-
quently, a cascade of interconnected events 

occur, including the activation of death recep-
tor and mitochondrial apoptotic pathways, 
mitochondrial damage, endoplasmic reticu-
lum stress, oxidative stress and cell cycle 
arrest. The current literature shows that oxida-
tive stress plays a key role in polymyxin-
induced kidney damage. Use of antioxidants 
have a potential in the attenuation of 
polymyxin-induced nephrotoxicity, thereby 
widening the therapeutic window. Mechanistic 
findings on polymyxin-induced nephrotoxic-
ity are critical for the optimization of their use 
in the clinic and the discovery of safer 
polymyxin-like antibiotics.

Keywords
Polymyxin · Nephrotoxicity · Apoptosis · 
Oxidative stress · Cell cycle

As reviewed in Chap. 17, the incidence of 
polymyxin-associated nephrotoxicity is up to 
60% in patients with the currently recommended 
dosage regimens [1–7]. Recent pharmacological 
studies have indicated that polymyxin-associated 
nephrotoxicity is the major dose-limiting adverse 
effect after parenteral administration [8–16] (also 
Chap. 15). The key features of polymyxin-
associated nephrotoxicity include acute tubular 
damage, decreased creatinine clearance (CrCL), 
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and increased serum urea and creatinine concen-
trations [9] (also Chap. 17). This chapter focuses 
on the latest progress in understanding the mech-
anisms of polymyxin-associated nephrotoxicity.

18.1	 �Renal Disposition 
of Polymyxins

18.1.1	 �Differential Renal Handling 
of Colistin, Polymyxin B 
and CMS

Although both colistin and polymyxin B are 
available for clinical use, they differ in their 
forms for parenteral administration. Polymyxin 
B is available as the sulfate salt, whereas colistin 
is available as the prodrug colistimethate sodium 
(CMS). After intravenous administration of colis-
tin (sulfate) in rats, the urinary recovery of colis-
tin was less than 1% of the administered dose 
[17, 18]. In comparison to its anticipated clear-
ance by glomerular filtration (2.3  mL/min/kg), 
the much lower renal clearance of colistin 
(0.010  ±  0.008  mL/min/kg) indicates extensive 
tubular reabsorption in rats [17]. In contrast, the 
urinary recovery of CMS (as CMS and formed 
colistin in the kidney and urinary tract) after 
intravenous administration was approximately 
60–70% in rats [19–21] and humans [22–24]. 
The greater renal clearance of CMS compared to 
its anticipated clearance by glomerular filtration 
indicates net tubular secretion into the urine [19]. 
As the major structural difference between colis-
tin and CMS is due to the modification of the pri-
mary amines of colistin with negatively charged 
methanesulfonate groups in CMS, the signifi-
cantly different renal handling and urinary recov-
ery of colistin and CMS are due to the different 
charges of the two chemical entities. Similar to 
colistin, very low urinary recovery of polymyxin 
B following intravenous administration also sug-
gests that non-renal elimination predominates in 
both rodents [22–24] and humans [18, 25–27]. 
Indeed, it has been suggested that polymyxin B 
undergoes very extensive tubular reabsorption in 
patients [27, 28].

The very different renal disposition of colis-
tin/polymyxin B and CMS is illustrated in 

Fig. 18.1. The extensive reabsorption of colistin 
and polymyxin B from glomerular filtrate to peri-
tubular capillaries would expose tubular cells to 
high concentrations of these molecules. The net 
tubular secretion [19] of CMS from peritubular 
capillaries into the tubular lumen through the epi-
thelial tubular cells may result in intracellular 
conversion of CMS to colistin [19]. This may 
enhance the exposure of tubular cells to colistin 
[29]. In summary, the difference in renal excre-
tion mechanisms of CMS and formed colistin 
versus polymyxin B is an important factor to 
modulate the exposure of renal tubular cells to 
polymyxins and the degree of nephrotoxicity fol-
lowing intravenous polymyxin treatments.

18.1.2	 �Significant Accumulation 
of Polymyxins in Renal 
Tubular Cells

Several recent studies have revealed significant 
renal accumulation of polymyxins using immu-
nostaining, mass spectrometry imaging, fluores-
cence microscopy and X-ray fluorescence 
microscopy (XFM) [30–36]. As CMS is not sta-
ble and is a very complex mixture of numerous 
methanesulfonated derivatives [37–40], its dispo-
sition in renal tubular cells has not been exam-
ined and the studies in the literature employed 
colistin, polymyxin B or novel polymyxin ana-
logues. In a mouse study, the distribution of poly-
myxin B in the kidney tissue was examined after 
intravenous administration using immunostain-
ing with a polymyxin-specific monoclonal anti-
body [32]. Predominant accumulation of 
polymyxin B was evident in the renal cortex, in 
particular the renal proximal tubular cells, but 
much less in the distal tubular cells (Fig.  18.2) 
[30, 32, 41]. Furthermore, matrix-assisted laser 
desorption/ionizing mass spectroscopy 
(MALDI-MS) imaging revealed that following 
subcutaneous administration polymyxins largely 
accumulated in the renal cortex (Fig. 18.2), but 
not in the lungs, liver or heart [41].

Abdelraouf et  al. employed a commercial 
product, boron-dipyrromethene (BODIPY)-
polymyxin B to examine the uptake of poly-
myxin B by mammalian renal tubular cells 
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Fig. 18.1  Schematic 
representation of the 
renal disposition of (a) 
CMS and formed 
colistin and (b) colistin/
polymyxin B. Thickness 
of the arrows 
corresponds to the 
magnitude of the 
processes involved in the 
renal deposition. (Figure 
adapted from Zavascki 
et al. [29]. Permission 
obtained from the 
American Society of 
Microbiology [ASM])

Fig. 18.2  (a) Immunostaining demonstrates the distribu-
tion of polymyxin B within mouse kidneys following sub-
cutaneous administration (Insert: 10× magnification of the 
cortex and medulla) [32]. (b) Targeted MALDI-MS imag-

ing for detecting polymyxin B1 and B2 as Na+ adduct in 
the kidneys of mice treated with polymyxin B [41]. 
(Permission obtained from Oxford University Press)

(LLC-PK1) [42]. Saturable uptake of polymyxin 
B into LLC-PK1 cells suggested transporter-
mediated uptake of polymyxin B. However, it is 

important to note that commercially available 
fluorescent polymyxin probes (e.g. dansyl-poly-
myxin B and BODIPY-polymyxin B) are devoid 

18  Mechanisms of Polymyxin-Induced Nephrotoxicity



308

of the pharmacological activities of native poly-
myxins, due to the attachment of relatively large 
BODIPY or dansyl moieties on the amine groups 
of the five Dab residues in the polymyxin struc-
ture [30, 43–45]. The structure-activity relation-
ship (SAR) of polymyxins should be considered 
when using polymyxin probes for pharmacologi-
cal research.

Using synchrotron X-ray fluorescence (XFM), 
fluorescence, and scanning electron microscopy, 
a recent correlative microscopic study discovered 
the extraordinary accumulation of polymyxins in 
rat (NRK-52E) and human (HK-2) kidney proxi-
mal tubular cells [30]. Based upon the polymyxin 
SAR model [45], a novel dual-module fluores-
cent probe, FADDI-096, was designed, consist-
ing of a dansyl group in the N-terminus and an 
iodine fluorophore at position 6 D-Phe of poly-
myxin B (Fig.  18.3). Unlike the commercially 
available fluorescent polymyxin probes BODIPY-
polymyxin B and dansyl-polymyxin B, 
FADDI-096 has the structural features required 
for the biological activity of natural polymyxins. 
For example, similar to polymyxin B, FADDI-096 
displayed antibacterial activity (MIC 8  mg/L 
against P. aeruginosa ATCC 27853) and the abil-
ity to induce oxidative stress in both NRK-52E 

and HK-2 cells [30]. Therefore, it is a valid probe 
to investigate the nephrotoxicity of polymyxins.

Quantitative mapping of polymyxin distribu-
tions in single rat (NRK-52E) and human (HK-2) 
kidney tubular cells revealed that the remarkable 
intracellular accumulation of FADDI-096 was 
both concentration- and time-dependent 
(Fig. 18.4). With the extracellular concentrations 
of 5 and 50 μM, intracellular concentrations of 
FADDI-096 were approximately 1,930- to 4,760-
fold higher in NRK-52E cells at 1 and 4 h, respec-
tively. Consistent with the XFM imaging results, 
the significant intracellular accumulation of 
FADDI-096 was also observed in the same cells 
using fluorescence microscopy (Fig. 18.4). These 
correlative microscopy results demonstrate the 
overlap of the dansyl and iodine signals from 
FADDI-096 itself. While FADDI-096 concentra-
tions in the bathing solution increased tenfold 
(i.e. 5 vs 50 μM), its intracellular concentrations 
(23.8 ± 6.63 mM vs 110 ± 28.2 mM, respectively) 
only increased approximately 4.62-fold in NRK-
52E cells. This finding indicated that the signifi-
cant accumulation of polymyxins by NRK-52E 
cells was saturable and likely carrier-mediated 
[46]. In HK-2 cells, the intracellular concentra-
tion of FADDI-096 (31.0  ±  5.69  mM) was 

Fig. 18.3  Structures of (a) polymyxin B1, (b) FADDI-096, and the molecular model of FADDI-096 with Escherichia 
coli Kdo2-Lipid A [30]. (Permission obtained from ACS Publications)
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approximately 3,100-fold higher than the con-
centration in the bathing solution (10  μM for 
4 h). Interestingly, the XFM results also revealed 
a significant increase in the intracellular calcium 
concentration, which is a potential stimulus to 
trigger apoptosis [47]. No correlation was 
observed between the localization of FADDI-096 
and other elements including phosphorus and 
sodium [30].

Collectively, the immunostaining, mass spec-
trometry imaging and XFM results all demon-
strate the very substantial uptake of polymyxins 
by renal tubular cells and the potential involve-
ment of transporters; these results are consistent 
with the pharmacokinetic findings from rats and 
humans [17, 28, 29]. Further investigations are 
required to elucidate the detail mechanisms of 
polymyxin accumulation in renal tubular cells.

18.1.3	 �Roles of Transporters 
in the Uptake of Polymyxins 
by Kidney Tubular Cells

The significant accumulation of polymyxins in 
renal tubular cells indicates that transporters play 
an important role in the uptake of colistin and 

polymyxin B in kidneys [30, 48, 49]. Different 
transport mechanisms exist in the elimination of 
drugs, toxins, and endogenous compounds by 
kidney tubular cells [50–57]. Megalin is a key 
endocytic receptor for reabsorption of the pro-
teins and small bioactive molecules present in the 
glomerular filtrate [58], and has been demon-
strated to mediate the significant reabsorption of 
polymyxins by renal tubular cells [46, 59, 60]. 
Moreover, colistin displays competitive inhibi-
tion for binding to megalin with cytochrome c (a 
known substrate for megalin) [46]. In megalin-
shed rats, decreased accumulation of colistin in 
the kidneys and increased excretion in urine sug-
gest that megalin is important for the reabsorp-
tion of colistin by tubular cells [46]. 
Co-administration of colistin with cytochrome c 
or fragment of albumin (FRALB) caused a 
decreased urinary excretion of N-acetyl-β-D-
glucosaminidase (NAG), a marker of tubular 
damage; this suggested the prevention of colistin-
induced tubular damage by blocking megalin-
mediated uptake [46]. The key role of megalin in 
the reabsorption of polymyxins is also supported 
by the finding that co-administration of colistin 
with succinylated bovine gelatin polypeptides 
(known competitive inhibitors of the reabsorp-

Fig. 18.4  Single-cell correlative microscopy results 
demonstrate the accumulation of FADDI-096  in NRK-
52E and HK-2 cells [30]. (a) Fluorescence images of 
NRK-52E cells (i) without treatment, (ii) treated with 
5  μM FADDI-096 for 4  h, (iii) treated with 50  μM 
FADDI-096 for 1 h, (iv) treated with 50 μM FADDI-096 
for 4 h; and HK-2 cells (v) without treatment, (vi) treated 
with 10 μM FADDI-096 for 4 h. (b) Iodine distribution 
within the same NRK-52E and HK-2 cells as shown in 
panel A; iodine concentrations (μg/cm2) are shown using a 
linear scale from zero to the maximum value; the yellow 

numbers note the maximum iodine concentration in each 
sample. (c) SEM images of the same NRK-52E and HK-2 
cells identified in panel A. (d) Correlation of signals from 
fluorescence microscopy (i: Green), XFM (ii: Blue to 
red), and surface morphology from SEM (iii: Grey); and 
their superposition. (e) Accumulation of FADDI-096  in 
single NRK-52E and HK-2 cells measured via iodine con-
tent using XFM as shown in panel A (mean ± SD; n = 10). 
Scale bar: 10  μm. (Permission obtained from ACS 
Publications)
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tion of peptide and protein substrates of megalin) 
decreased both the accumulation of colistin in 
kidney tissue and also its nephrotoxic effect in a 
murine model [49]. It has been shown in both in 
vitro and in vivo models that inhibition of mega-
lin supressed the colistin-induced damage to 
renal tubular cells [60].

Many antibiotics are organic acids or bases 
and, depending on their pKa values, are present as 
anions or cations in the physiological environ-
ment. Recently, carrier-mediated renal tubular 
reabsorption of colistin has been suggested from 
studies conducted ex vivo [61]. Using isolated 
perfused rat kidney, Ma et al. examined the renal 
disposition and the potential role of kidney trans-
porters in the disposition of colistin [61]. A con-
siderable amount of colistin (administered as 
colistin sulfate) was removed from the perfusate, 
but only a relatively low proportion (<10%) was 
ultimately excreted into the urine, indicating the 
accumulation of colistin in the kidney tissue [61]. 
The extensive reabsorption of colistin was inhib-
ited by tetraethylammonium (TEA, a typical sub-
strate of rat OCTN1 [62]), glycine-glycine 
(Gly-Gly), and hydrochloric acid, suggesting that 
the renal reabsorption of colistin was mediated 
by organic transporters and peptide transporters 
(e.g. OCTN1 and OCTN2) and might be sensi-
tive to the pH of urine [61]. Since colistin is a 
peptide and the di-peptide Gly-Gly is a typical 
substrate/inhibitor for PEPT [63], the isolated 

perfused rat kidney results suggest that colistin 
might undergo reabsorption via polypeptide 
transporters (PEPT1 and PEPT2) in the renal 
tubular cells [61].

A recent study systematically investigated the 
inhibitory effects of colistin and polymyxin B on 
the substrate uptake mediated through 15 essen-
tial solute carrier transporters (SLCs) in over-
expressing HEK293 cells [64]. Both polymyxins 
had no or only very mild inhibitory effect on the 
transport activity of the SLCs examined, except 
human peptide transporter 2 (PEPT2). The con-
centrations of colistin and polymyxin B required 
to inhibit 50% uptake (IC50) of the specific human 
PEPT2 substrate [3H]glycyl-sarcosine were 
11.4  ±  3.1 and 18.3  ±  4.2  μM, respectively 
(Fig. 18.5). PEPT2 is a key SLC expressed par-
ticularly in the kidneys and brain [64]. It is a low-
capacity high-affinity proton-coupled 
cotransporter, mainly involved in the renal reab-
sorption of peptides and peptide-like substrates 
(including drugs) to maintain systemic nitrogen 
homeostasis [65]. [3H]Polymyxin B1 and a fluo-
rescent polymyxin probe MIPS-9541 were also 
employed as a complementary approach to exam-
ine the cellular uptake by PEPT2. The results 
revealed a significant inhibition of PEPT2-
mediated uptake by glycyl-sarcosine, colistin or 
polymyxin B [64]. Collectively, it is very likely 
that PEPT2 also plays a critical role in the renal 
tubular accumulation of polymyxins.

Fig. 18.5  Inhibitory effect of polymyxins on PEPT2-
mediated uptake of [3H]Gly-Sar [64]. Cellular uptake of 
[3H]Gly-Sar was measured in the absence or presence of 
(a) colistin and (b) polymyxin B. (c) Inhibition of MIPS-

9541 uptake by Gly-Sar, colistin or polymyxin B in 
PEPT2 transfected HEK293 cells. (Permission obtained 
from the Oxford University Press)
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18.1.4	 �Localisation of Polymyxins 
in Renal Tubular Cells

There is limited information on the co-localisation 
of polymyxins with different organelles in renal 
tubular cells. By incorporating a single dansyl 
fluorophore in the hydrophobic regions of the 
polymyxin core structure, we designed, synthe-
sised, and evaluated four novel regioselectively 
labeled monodansylated polymyxin B probes 
(MIPS-9541, MIPS-9542, MIPS-9543, and 
MIPS-9544) for intracellular localisation studies 
[31]. We examined their antimicrobial activities, 
cellular uptake, and apoptotic effects on NRK-
52E cells. It became evident that incorporation of 
a dansyl group at position 6 or 7 (e.g. MIPS-9543 
and MIPS-9544) of polymyxins is appropriate 
for generating fluorescent polymyxin probes for 
intracellular imaging and mechanistic studies. 
Confocal fluorescence imaging experiments con-
ducted with MIPS-9543 and MIPS-9544 reveal 
partial co-localisation of polymyxins with both 
endoplasmic reticulum and mitochondria in 
NRK-52E cells. Super-resolution imaging is 
required to elucidate the intracellular localisation 
of polymyxins in renal tubular cells and the toxic 
effect on subcellular organelles [31].

In summary, the accumulation, intra-cellular 
trafficking and localisation of polymyxins in 
renal tubular cells have not been fully elucidated, 
and the mechanistic findings may lead to novel 
approaches to attenuate polymyxin-induced 
nephrotoxicity.

18.2	 �Effects of Polymyxins 
on Renal Tubular Cells

The execution of renal tubular cell death is usu-
ally highly orchestrated and interconnected 
between cell cycle, apoptosis, necrosis and 
autophagy [66–68]. Depending on the insult and 
stimulus, tubular cell death can simultaneously 
trigger multiple pathways and lead to the activa-
tion of common downstream cascades [69, 70]. 
The current literature shows that polymyxin 
treatment can cause cell cycle arrest, apoptosis 

and autophagy in renal tubular cells in vitro and 
in vivo.

18.2.1	 �Polymyxins Induce Cell Cycle 
Arrest

Eadon et al. reported that cell cycle arrest is asso-
ciated with colistin-induced nephrotoxicity in a 
murine model using microarray [71]. C57/BL6 
mice were intraperitoneally administered with 
saline or 16 mg/kg/day colistin (in two divided 
doses), and kidneys were collected after 3 and 
15 days. Gene expression microarray analysis of 
kidney tissues identified 21 differentially 
expressed genes during the colistin treatment. 
Up-regulation of the differentially expressed 
genes from both microarray and RT-PCR results 
suggested that the cellular injury induced by 
colistin was mediated through p53 pathway to 
inhibit cell cycle progression. Up-regulation of 
CCNB1, CDC2 and the indifferent expression of 
CDK2, CCND, CCNE genes following colistin 
treatment indicated G2/M as the point of arrest in 
the cell cycle. Moreover, translocation of cyclin 
B1 to the nucleus is another indicator of cell 
cycle arrest at the G2/M phase induced by colis-
tin [71]. It was also demonstrated that the expres-
sion of galectin-3 was up-regulated, supporting 
the cell cycle arrest through G1/S and G2/M [71]. 
The up-regulation of galectin-3 is potentially an 
early marker of the colistin-induced kidney 
injury. The detection of the proliferating cell 
nuclear antigen following exposure to colistin for 
3  days indicates the emergence of subclinical 
kidney injury through the blockade of DNA rep-
lication at S phase, and subtle pathogenic injury 
was also observed. Cell cycle arrest may repre-
sent a protective mechanism for recovering from 
colistin-induced nephrotoxicity. However, activa-
tion of p53 and galectin-3 can also lead to the 
apoptotic cell death if the cellular damage is non-
recoverable [72, 73]. We examined polymyxin-
induced cell death in HK-2 cells and a mouse 
model using biochemical and molecular 
approaches. Interestingly, our results indicate the 
association of DNA damage with polymyxin B 
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induced nephrotoxicity, leading to chromosome 
mis-segregation and genome instability [74, 75]. 
There is still much to be learned on polymyxin-
induced nephrotoxicity and systems investiga-
tions are required to elucidate the complex 
interplay of major biochemical pathways in 
polymyxin-induced toxicity in renal tubular cells.

18.2.2	 �Polymyxins Induce Apoptosis 
and Oxidative Stress In Vitro 
and In Vivo

Recent studies revealed that colistin-induced 
renal tubular apoptosis in vitro and in animals 
[48, 76, 77]. After colistin treatment (cumulative 
dose of 20.5 mg/kg over 5 days) in rats, Yousef 
et al., discovered in the kidneys increased TUNEL 
positive nuclei (%) and fragmentation of DNA, a 
biochemical hallmark of apoptosis (Fig.  18.6) 
[48]. Similar results were observed in rat proxi-
mal tubular cells (NRK-52E) treated with colistin 
(0.1 mM for 24 h). Dai et al. revealed the involve-
ment of the death receptor, mitochondrial and 
endoplasmic reticular pathways in colistin-
induced apoptosis in mouse kidney tissues [78]. 
Colistin was intravenously administered to mice 
(7.5 or 15 mg of colistin/kg/day in two doses) for 
7  days. After 7  days, a significant decrease of 
Bcl-2 and a concomitant increase of Cytc, AIF, 
cleaved caspase-9 and cleaved caspase-3 were 
observed. These findings confirmed that both 
mitochondria-dependent and -independent path-

ways are involved in colistin-induced apoptosis 
in mouse kidneys [78]. Furthermore, significantly 
increased expression of Fas, FasL, and FADD, 
and cleavage of caspase-8 were also revealed in 
the colistin-treated mouse kidneys, demonstrat-
ing the involvement of death receptor mediated 
pathway in colistin-induced apoptosis [78]. 
Interestingly, the increased expression of tBid 
indicated the cross-talk between the death recep-
tor and mitochondria apoptotic pathways. In 
addition, significantly increased concentrations 
of Grp78/Bip, cleaved ATF6, GADD153/CHOP 
and caspase-12 were observed in mice following 
colistin treatment, suggesting that the endoplas-
mic reticulum pathway is also involved in 
colistin-induced apoptosis. To date, it is still 
unknown how each apoptosis pathway is trig-
gered and the interplay among them.

Using cell culture, the activation of caspase-
3/8/9, DNA damage and translocation of mem-
brane phosphatidylserine following polymyxin B 
treatment has been demonstrated in rat (NRK-
52E) kidney tubular cells (Fig.  18.7) [79]. In 
NRK-52E cells treated with polymyxin B 
(1.0 mM for 24 h), positive labelling with the cas-
pase substrate Red-VAD-FMK showed the pres-
ence of activated caspase-3, 8 and 9. 
Polymyxin-induced apoptosis in NRK-52E cells 
was also confirmed by positive labelling TUNEL 
assay and annexin V-PI double staining. 
Polymyxin-induced apoptosis was both concen-
tration- and time-dependent in NRK-52E and 
HK-2 cells. Interestingly, HK-2 cells displayed 

Fig. 18.6  TUNEL positive nulcei (black arrows) after 
immunohistochemical staining in kidney sections of rats 
treated for 5 days with (a) saline and (b) colistin (cumula-

tive dose of 20.5 mg/kg). (Figure modified from Yousef 
et al. [48] and permission obtained from Oxford University 
Press)
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higher sensitivity to polymyxin B induced 
toxicity than NRK-52E cells [79]. Mingeot-
Leclercq et al. and Vaara et al. also demonstrated 
dose-dependent cytotoxic activity of polymyxins 
in porcine renal proximal tubular cells (LLC-PK1) 
and HK-2 cells, respectively [7, 80].

The relative toxic effect of polymyxin B1, 
polymyxin B2, colistin A and colistin B were 
examined in HK-2 cells and mice [81]. 
Comparable nephrotoxicity was observed in 
mice with mild to moderate histological damage; 
however, polymyxin B1 and colistin A showed 
>3-fold higher in vitro apoptotic effect on HK-2 
cells than polymyxin B2 and colistin B, respec-
tively. As there is only one carbon difference in 
the N-terminal fatty acyl group between the two 
major components of polymyxin B and colistin 
(Fig. 1.6), these results indicate that the hydro-
phobicity of the N-terminal fatty acyl group of 
polymyxins plays an important role in polymyxin-
induced apoptosis. As shown in Fig. 1.6, the only 
difference between polymyxin B1 and colistin A 
(also polymyxin B2 and colistin B) is position 6 

(i.e. D-Phe versus D-Leu); therefore, the hydro-
phobicity at position 6 is also important to the 
toxicity on renal tubular cells [81]. The lack of 
differences in their in vivo nephrotoxicity may be 
due to the sensitivity of the mouse model or the 
slightly different PK of the two major compo-
nents of both polymyxins [17, 18].

Mitochondrial stress occurred during 
polymyxin-induced apoptosis in NRK-52E cells 
(Fig.  18.8) [82]. In healthy rat kidney tubular 
cells NRK-52E, mitochondria predominantly 
were filamentous, whereas in cells undergoing 
apoptotic cell death mitochondria became frag-
mented. Concentration- and time-dependent tran-
sitions of the mitochondrial morphology from the 
filamentous (regular) to fragment (stressed) were 
observed in NRK-52E cells following polymyxin 
B treatment (1.0 and 2.0 mM up to 24 h) [82]. A 
concentration-dependent perturbation of mito-
chondrial morphology was associated with the 
loss of mitochondrial membrane potential (Δψ). 
Furthermore, it was also evident that polymyxin 
B induced toxicity was associated with the gen-

Fig. 18.7  Double staining with annexin V and PI in 
NRK-52E cells [79]. (a) Control cells. (b) Cells treated 
with 1.25 mM polymyxin B for 24 h. (c) Cells treated with 
1.0 μM staurosporine. In each panel, the upper left quad-
rant represents cells stained by annexin V (early-apoptotic 
cells), the bottom right quadrant represents cells stained 
by PI (necrotic cells), the upper right quadrant represents 
cells stained by both annexin V and PI (late-apoptotic 

cells), and the bottom left quadrant represents cells not 
stained by annexin V or PI (viable cells). (d–f) Viability 
data for panels A to C. (d) Control cells. (e) Cells treated 
with 1.25 mM polymyxin B. (f) Cells treated with 1.0 μM 
staurosporine. The error bars represent SD. (Permission 
obtained from the American Society of Microbiology 
[ASM])
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eration of reactive oxygen species (ROS). Our 
recent metabolomic study discovered the pertur-
bation of taurine-hypotaurine pathway in 
polymyxin-treated kidney HK-2 and NRK-52E 
cells, indicating a loss of cellular capacity to 
scavenge ROS [41].

Collectively, a working model (Fig. 18.9) was 
proposed based on the recent literature to under-
stand the complex mechanism of polymyxin-
induced apoptosis in renal tubular cells [78]. The 
precise mechanisms of polymyxin-induced neph-
rotoxicity remain unknown and require further 
studies.

18.3	 �Amelioration of Polymyxin-
Induced Nephrotoxicity

Current efforts to minimise the incidence and 
impact of polymyxin-associated nephrotoxicity 
in patients rely on monitoring of renal function 
and electrolyte balance, avoidance of concurrent 

nephrotoxic agents (if feasible) and optimization 
of the polymyxin dose [24]. These have been dis-
cussed in Chap. 17 and in the literature [29]. 
Significant efforts have been made over the last 
decade to attenuate polymyxin-induced nephro-
toxicity using different approaches, including 
decreasing the uptake by renal tubular cells, 
attenuating polymyxin-induced oxidative stress, 
and modifying the polymyxin structure (Chap. 
20) [45, 48, 49, 61, 76, 77, 83, 84].

A number of animal studies investigated the 
potential role of co-administered agents to ame-
liorate polymyxin-induced nephrotoxicity; the 
majority of these studies involved antioxidants. 
Ozyilmaz et  al., demonstrated that 
N-acetylcysteine (NAC) ameliorated polymyxin-
induced oxidative stress and nephrotoxicity in 
rats [76]. Yousef et al., reported decreased excre-
tion of urinary NAG and less histopathological 
damage in rat kidneys following co-administration 
of ascorbic acid (50 or 200 mg/kg) with colistin 
(cumulative dose, 36.5 mg/kg), compared to rats 

Fig. 18.8  (a) Loss of mitochondrial membrane potential 
measured by fluorescence microscopy using tetramethyl-
rhodamine ethyl ester in NRK-52E cells treated with 
polymyxin B (0.25, 0.5 and 1.0  mM for 24  h). (b–c) 

Polymyxin B treatments caused concentration- and time-
dependent production of mitochondrial superoxide in 
NRK-52E cells [82]. (Permission obtained from the 
American Society of Microbiology [ASM])
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treated with colistin or ascorbic acid alone [48]. 
Similar results have been reported with the co-
administration of melatonin, polyaspartic acid, 
grape seed extract, and methionine [77, 83–85]. 
Methionine (100 or 400 mg/kg co-administered) 
protected against  polymyxin-induced kidney 
damage in mice (polymyxin B 35 mg/kg, twice 
daily over 3.5 days) and significantly attenuated 
mitochondrial oxidative stress in NRK-52E cells 
[84]. Interestingly, the pharmacokinetics of poly-
myxin B in rats were not affected by co-
administration of methionine [84]. Ozkan et al., 
also reported that colistin-induced oxidative 
stress and apoptosis in rat kidney tissues were 
attenuated by co-administration of grape seed 
proanthocyanidin extract, using kidney function 
estimates from blood urea nitrogen (BUN), cre-
atinine plasma levels and renal histopathological 
scores [83]. Similarly, protection against colistin-
induced apoptosis by proanthocyanidin extract 
was observed by measuring apoptotic index, cas-

pase-1, caspase-3, and calpain-1 in the kidney tis-
sues [83]. It should be noted that considering 
animal scaling, a relatively low dose of CMS 
(300,000  IU/kg/day by intraperitoneal adminis-
tration, equal to 9  mg colistin base activity/kg/
day) was used in the study [83]. Whereas the 
above co-administered agents probably rely on 
their antioxidant effects for nephroprotection, the 
ameliorating effect of co-administered succinyl-
ated bovine gelatin polypeptides (Gelofusine) 
appears to rely on the ability of these peptides to 
decrease accumulation of polymyxins in renal 
tissue [49].

Thus far, there is little information on the pro-
tection from polymyxin-associated nephrotoxic-
ity in patients. A preliminary randomized 
controlled study was conducted in 28 patients to 
investigate the potential nephroprotective effect 
of intravenous ascorbic acid (2  g every 12  h) 
against colistin-associated nephrotoxicity in 
patients requiring intravenous colistin [86]. The 
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RIFLE classification system was employed in 
this small clinical study and urinary neutrophil 
gelatinase-associated lipocalin (NGAL) and 
NAG were measured as markers of renal damage. 
The plasma colistin concentrations and clinical 
outcomes in both groups were not significantly 
different. The lack of nephroprotective effect by 
ascorbic acid in this clinical study might be due 
to the small patient number, insufficient dose, 
and/or the failure of animal models to mimic 
clinical disease [86]. On the contrary, Dalfino 
et al. showed the protective effect of intravenous 
ascorbic acid against nephrotoxicity of colistin 
(CMS) in critically-ill patients [87]. Acute kidney 
injury (AKI) was observed in 30% of patients 
treating with concurrent ascorbic acid, whereas 
the rate of AKI was about 67% in patients who 
did not receive ascorbic acid [87]. Furthermore, 
this observation was statistically significant 
(P < 0.05, adjusted odds ratio, 0.27 [95% confi-
dence interval, 0.13–0.57]). However, it is impor-
tant to consider the potential limitations of this 
study, particularly the small, non-randomized 
nature and the lack of characterization of patients 
between the groups. It is also critical to consider 
the possible effect of ascorbic acid on polymyxin 
pharmacokinetics/pharmacodynamics in patients 
[48]. Nevertheless, well-designed clinical studies 
are warranted to develop novel approaches to 
attenuate polymyxin-induced nephrotoxicity.

18.4	 �Conclusions

Significant progress has been made over the last 
two decades in understanding the mechanism of 
polymyxin-induced nephrotoxicity. It is clear 
that polymyxins are substantially accumulated in 
renal tubular cells, causes oxidative stress and 
apoptosis via the activation of the death receptor, 
mitochondria and endoplasmic reticulum medi-
ated pathways. However, the complex interplay 
of multiple pathways remains undefined in 
polymyxin-induced nephrotoxicity, and systems 
investigations on the mechanisms of polymyxin-
induced nephrotoxicity are required. The mecha-
nistic findings will provide key pharmacological 
information for the development of novel inter-

ventions to minimise polymyxin-induced neph-
rotoxicity in patients, as well as important 
chemical biology knowledge for the discovery of 
new-generation polymyxins.
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Anti-endotoxin Properties 
of Polymyxin B-immobilized Fibers

Tohru Tani, Tomoharu Shimizu, Masaji Tani, 
Hisataka Shoji, and Yoshihiro Endo

Abstract
Polymyxin B is an antibiotic that shows strong 
bactericidal activity against Gram-negative 
bacteria, by binding to and inactivating endo-
toxin. Systemic administration of polymyxin 
B in humans is restricted because of its neph-
rotoxicity and neurotoxicity, and this com-
pound was therefore considered a strong 
candidate ligand for the extracorporeal selec-
tive adsorption of circulating endotoxin in the 
blood. Toraymyxin® is a direct hemoperfu-
sion column that uses polymyxin B attached 
to an insoluble carrier to bind endotoxin in the 
blood. In 1994, the Japanese National Health 
Insurance system approved the use of 
Toraymyxin for the treatment of endotoxemia 
and septic shock.

In this chapter, we will review the develop-
ment, clinical use, and efficacy of Toraymyxin, 
examine the structure of the Toraymyxin col-
umn, and comment on the current position of 
Toraymyxin in the treatment of severe sepsis 
and septic shock. We will also highlight some 
potential new applications of Toraymyxin for 
pulmonary diseases.

Keywords
Polymyxin · Lipopolysaccharide · 
Endotoxemia · Septic shock · Toraymyxin

19.1	 �Introduction

Endotoxin is one of major constituents of the cell 
wall in Gram-negative bacteria. Endotoxin is rec-
ognized through toll-like receptor-4 as a 
pathogen-associated molecular component that 
activates macrophages and other leukocytes to 
produce various inflammatory mediators. 
Endotoxin plays a major role in the development 
of toxic symptoms in Gram-negative bacterial 
infections. A recent review showed that co-
detection of Gram-negative bacteria and endo-
toxemia is strongly predictive of increased risk of 
mortality compared to detection of neither [1].  
It is therefore a reasonable therapeutic approach 
to evaluate and remove circulating endotoxin in 
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the blood of patients with Gram-negative bacte-
rial infections.

Polymyxin B is a polycationic antibiotic that 
binds to and inactivates endotoxin, thereby neu-
tralizing endotoxin-associated toxicity in humans 
[2]. Systemic administration of polymyxin B in 
humans is restricted because of its nephrotoxicity 
and neurotoxicity, and this compound was con-
sidered a strong candidate ligand for the extracor-
poreal selective adsorption of circulating 
endotoxin in the blood.

The selective removal of endotoxin from 
blood has been discussed since the 1970s, when 
Nolan and Ali first demonstrated the adsorption 
of endotoxin via the ion-exchange resin chole-
styramine [3]. Various non-selective adsorbents 
such as charcoal or ion-exchange resins have 
since been considered, but a new selective adsor-
bent was needed for the specific and efficient 
removal of circulating endotoxin from blood. 
Sepharose 4B beads to which polymyxin B was 

covalently immobilized were shown to be effec-
tive adsorbents for the removal of endotoxin in a 
rat model and in human hemodialysis systems [4, 
5]. Polyethylenimine [6] and albumin [7], rather 
than polymyxin B, have also been used as ligands 
for the selective adsorption of endotoxin.

Initial research into polymyxin B-immobilized 
fibers began in 1981 at the Department of Surgery, 
Shiga University of Medical Science, Japan, as a 
collaboration between our research group and 
Toray Medical Co., Ltd. (Chiba, Japan) 
(Fig.  19.1). In 1982, the preliminary results of 
this research were published, demonstrating that 
polymyxin B-immobilized fibers reduce endo-
toxin activity in saline solution, as measured 
using a semi-quantitative limulus amebocyte 
lysate (LAL) assay.

In 1983, we began in vitro and in vivo experi-
mental studies. A pre-clinical study showed that 
selective removal of endotoxin from the blood by 
extracorporeal direct hemoperfusion with 

1981 starting research (Department of Surgery, Shiga University of Medical science & Toray)

1994 Approval in Japanese health insurance
1993 Approval for manufacturing in Japan

1998 CE marking

2002 On sale overseas (Launched in Italy)

2007 Meta-analysis (Cruz et al.)  

2005 The European pilot study (Vincent et al.)

2016  EUPHRATES entry closed (USA)

Clinically available (2016): Italy, Spain, Russia, India, 
Switzerland, Austria, Korea, Taiwan, Saudi Arabia, Slovenia, 
Thailand and Turkey

More than 100,000 
cases for 22 years

overseasJapan

2009 EUPHAS study (Cruz et al.) 

2005 PMX-05R

2011 PMX-01R

PMX-20R

1983 in vitro and in vivo studies

2015 ABDO-MIX study (Payen et al.)

Fig. 19.1  History of the development of Toraymyxin
EUPHAS: Early use of polymyxin B hemoperfusion in 
abdominal sepsis
ABDO-MIX trial: Effects of hemoperfusion with a poly-
myxin B membrane in peritonitis with septic shock

EUPHRATES trial: Evaluating the use of polymyxin B 
hemoperfusion in a randomized controlled trial of adults 
treated for endotoxemia and septic shock

T. Tani et al.



323

polymyxin B-immobilized fibers resulted in 
improved survival in an endotoxemia canine 
model [8]. Survival also improved in a Gram-
negative bacterium (Escherichia coli) intrave-
nous administration canine model after 
extracorporeal hemoperfusion with polymyxin 
B-immobilized fibers, indicating the potential for 
use thereof in humans [9].

The polymyxin B-immobilized fibers blood 
purification column, Toraymyxin®, was devel-
oped as a medical device to be used in conjunc-
tion with direct hemoperfusion to remove 
circulating endotoxin from the blood in humans. 
A phase I clinical study was initiated in 1989, and 
in 1994 the first clinical report of 16 patients with 
septic multiple organ failure treated with direct 
hemoperfusion with Toraymyxin (PMX) was 
published [10]. PMX for 2  h significantly 
decreased the level of circulating endotoxin from 
76 to 21 pg/mL. Furthermore, the patients’ hyper-
dynamic state (in terms of cardiac index), which 
is characteristic of endotoxic shock, returned to 
normal after treatment [10]. Regarding the tech-
nical term for Toraymyxin, we have suggested 
defining “PMX” as “direct hemoperfusion with 
the polymyxin B-immobilized fiber column 
(Toraymyxin)”.

In 1994, Toraymyxin was adopted by the 
Japanese National Health Insurance system for 
the treatment of endotoxemia and septic shock 
[11]. Since then, Toraymyxin has been used 
safely in more than 100,000 cases in emergency 
and intensive care units in Japan. Three different 
columns are currently available for clinical use in 
Japan: PMX-20R for use in adults, PMX-05R for 
use in children, and PMX-01R for use in babies 
(Fig. 19.1).

In 1998, Toraymyxin received CE mark 
approval in Europe. In 2005, the results of the first 
randomized controlled trial (RCT) in Europe were 
published, showing that treatment with Toraymyxin 
is safe, and improves cardiac and renal dysfunction 
due to sepsis or septic shock [12]. In 2007, the find-
ings of a meta-analysis demonstrated the favorable 
effects of PMX [13]. In 2009, the results of the sec-
ond RCT in Europe, the EUPHAS study (Early 
Use of Polymyxin B Hemoperfusion in Abdominal 
Sepsis), which was conducted in Italy, were pub-

lished, showing that Toraymyxin treatment results 
in a significant reduction in sepsis-associated mor-
tality [14]. A large RCT, the ABDO-MIX trial in 
France, has failed to show survival benefit and 
improvement in organ failure with Toraymyxin 
treatment compared to conventional treatment of 
peritonitis-induced septic shock [15]. Recruitment 
into another large RCT, the EUPHRATES trial in 
the USA, is now closed and the results showed that 
polymyxin B hemoperfusion plus conventional 
medical therapy did not reduce mortality at 28 days 
in patients with septic shock and high endotoxin 
activity (Fig.  19.1,  ClinicalTrials.gov Identifier: 
NCT01046669). Toraymyxin is currently available 
for use in clinical settings in Italy, Spain, Russia, 
India, Switzerland, Austria, Korea, Taiwan, Saudi 
Arabia, Slovenia, Thailand, and Turkey.

In this chapter, we will review the develop-
ment, clinical use, and efficacy of Toraymyxin, 
examine the structure of the Toraymyxin column, 
and comment on the current position of 
Toraymyxin in the treatment of severe sepsis and 
septic shock. We will also highlight some poten-
tial new applications for Toraymyxin.

19.2	 �Development of Polymyxin 
B-immobilized Fibers

19.2.1	 �Polymyxin B and Endotoxin

Polymyxin B has strong bactericidal activity 
against Gram-negative bacteria. The bactericidal 
properties of polymyxin B are discussed in more 
detail in other chapters. Polymyxin B also neutral-
izes the lethal toxicity, limulus gelation activity, 
and hemodynamic effects of endotoxin, a major 
component of the outer membrane of Gram-
negative bacteria, by binding to the lipid A domain, 
which is the active center of the endotoxin mole-
cule [16]. The protective effects of polymyxin B 
against endotoxemia and septicemia have been 
demonstrated in various animal models [17–19].

Electron microscopy imaging has revealed 
that when endotoxin is exposed to polymyxin B, 
its usual ribbon-like structure partially or fully 
disaggregates [20]. The detergent-like activity of 
polymyxin B arises from its ability to prompt the 

19  Anti-endotoxin Properties of Polymyxin B-immobilized Fibers
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dissociation of endotoxin’s micellar structure 
[21]. Polymyxin B has been shown to bind to the 
lipopolysaccharide of Salmonella typhimurium at 
the negatively charged 2-keto-3-
deoxyoctulosonate lipid A region of the lipopoly-
saccharide molecule. This is achieved via 
electrostatic, and possibly hydrophobic, interac-
tions at a stoichiometric ratio of one polymyxin B 
molecule to one lipopolysaccharide monomer 
unit [22]. Furthermore, Vesentini et  al. demon-
strated that short-range interactions between 
polymyxin B and endotoxin are mediated mainly 
via hydrophobic forces, whereas long-term com-
plex formation is mediated via ionic forces. The 
interaction energy occurring in each molecular 
complex was calculated at different intermolecu-
lar distances, and the binding forces were esti-
mated by fitting interaction energy data. 
Maximum binding forces calculated via molecu-
lar mechanics for the polymyxin B–endotoxin 
complex range from 1.39 to 3.79 nN [23].

Together, these studies have clarified that 
polymyxin B binds to and detoxifies endotoxin, 

and that it is through this binding that polymyxin 
B exerts its anti-microbial activity.

19.2.2	 �Polymyxin B-immobilized 
Fibers

To enable selective adsorption of circulating 
endotoxin in the blood, polymyxin B was cova-
lently immobilized on the surface of polystyrene-
derived, polypropylene-reinforced conjugated 
carrier fibers (Fig.  19.2). α-Chloroacetoamide 
methyl groups were chemically introduced into 
the polystyrene molecule to provide a moiety to 
which the polymyxin B could be fixed [24]. The 
endotoxin adsorption capacity of polymyxin 
B-immobilized fibers has been shown to be 
almost the same as that of the ion-exchange resin 
IRA-938 (Fig. 19.3a, b) [24].

The endotoxin detoxification capacity of poly-
myxin B-immobilized fibers in vitro changes 
depending on the number of residual primary amino 
groups in the immobilized polymyxin B molecule 

CH2CH CH2CH CH2CH

CH2NHCOCH2ClCH2NHCOCH2 CH2NHCOCH2
Cl

NH2

NHNH2

NH2

NH2

Polymyxin B

1 mm 100μm

10μm

Covalent binding

Fig. 19.2  Physical structure of a Toraymyxin cartridge 
and of the knitted fabric roll of polymyxin B-immobilized 
fibers. (Provided by Toray Medical Co., Ltd.)
The Toraymyxin cartridge contains a roll of knitted fibers. 
Each fiber consists of a bundle of ultra-fine fibers with a 

diameter of approximately 20 μm. The polymyxin B mol-
ecules are covalently bound onto the fiber surface and 
therefore do not leak into the patient
Molecular conformation is shown. Polymyxin B was 
covalently bound to polystyrene-based fibers

T. Tani et al.
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(Fig. 19.4a) [24]. In an in vivo canine experiment, 
the survival rate of endotoxin-challenged dogs was 
higher when the immobilized polymyxin B had a 
large number of residual primary amino groups 
(Fig. 19.4b) [24]. These results suggested that poly-
myxin B-immobilized fibers had a maximal endo-
toxin detoxification capacity when three primary 
amino groups were left unbound from the carrier 
fiber. Furthermore, concentrations of immobilized 
polymyxin B above 3.5 μg/mg of fiber were sug-
gested to be optimal. Because the primary amino 
groups are positively charged, it is likely that they 
play a major role in the ionic binding of polymyxin 
B to endotoxin [24].

In addition to detoxifying the limulus activity 
of endotoxin, polymyxin B-immobilized fibers 
have also been shown to neutralize the pyrogenic 
activity of endotoxin solution in a rabbit pyrogen 

test. Therefore, polymyxin B-immobilized fibers 
are also effective in removing pyrogenic agents 
from serum (Fig. 19.5) [24].

19.2.3	 �Endotoxin Adsorption 
Capacity and Bactericidal 
Activity of Polymyxin 
B-immobilized Fibers In Vitro

When polymyxin B-immobilized fibers, or car-
rier fibers alone, were incubated with synthetic 
lipid A in vitro, polymyxin B-immobilized fibers 
effectively adsorbed synthetic lipid A, whereas 
the carrier fibers alone did not, as assessed using 
an LAL assay, showing that the capability of 
polymyxin B to bind to lipid A is retained even 
when polymyxin B is immobilized (Fig. 19.6a) 
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Fig. 19.3  Endotoxin 
adsorption capacity of 
polymyxin 
B-immobilized fiber or 
IRA-938 data from Shoji 
et al. [24]. Two grams of 
polymyxin 
B-immobilized fibers 
(polymyxin 
B-immobilized fibers, 
solid line) or ion-
exchange resin 
(IRA-938, dotted line) 
were incubated with 
30 mL of various 
concentrations of 
endotoxin in (a) aqueous 
solution or (b) bovine 
serum solution
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[24]. The lipid A portion of endotoxin is located 
in the least variable region of the lipopolysac-
charide molecule, meaning that it does not 
change from species to species, or from strain to 
strain. Polymyxin B-immobilized fibers can 
adsorb various types of endotoxins with different 
O-side chains or chemotypes, indicating that 
immobilized polymyxin B binds specifically to 
the lipid A portion of the LPS molecule 
(Fig. 19.6b) [24].

Polymyxin B-immobilized fibers also show 
bactericidal activity. Polymyxin B-immobilized 
fibers were added to a phosphate buffer solution 
containing Pseudomonas aeruginosa, and 
changes in bacterial cell count were assessed 
under continual stirring for 9  h. Bacterial cell 
counts decreased sharply from approximately 107 
to 103 CFU/mL (Fig. 19.6c) [24].

Together, these results clearly demonstrate 
that immobilized polymyxin B retains the endo-

Fig. 19.4  Relationship between the residual number of 
primary amino groups in the immobilized polymyxin B 
molecule
(a) Relationship between the residual number of primary 
amino groups in the immobilized polymyxin B molecule 
and its detoxification capacity
Polymyxin B-immobilized fibers were added to a bovine 
serum solution containing lipopolysaccharides, and incu-
bated with continuous stirring for 2 h. Endotoxin concen-
tration was measured via limulus amebocyte lysate assay. 
Polymyxin B-immobilized fibers had the best endotoxin 

detoxification capacity when three amino groups were left 
in the immobilized polymyxin B molecule bound to the 
carrier fiber. (Reproduced from Shoji et al. [24])
(b) Relationship between the number of residual amino 
groups in fixed immobilized polymyxin B and the rate of 
survival in endotoxin-challenged dogs
The number of residual primary amino groups in the 
immobilized polymyxin B had a greater overall effect on 
the survival of dogs than did the quantity of immobilized 
polymyxin B used. (Reproduced from Shoji et al. [24])

T. Tani et al.
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toxin binding and bactericidal properties of free 
polymyxin B [24].

19.2.4	 �Endotoxin Adsorption 
Capacity of Polymyxin 
B-immobilized Fibers In Vivo

Direct hemoperfusion under heparin infusion for 
2 h with an animal-use polymyxin B-immobilized 
fiber column improved mortality and hemody-
namic parameters in endotoxemic dogs receiving 
intravenous endotoxin administration, compared 
with carrier fiber alone, charcoal, and ion-
exchange resin (Fig. 19.7) [25]. Direct hemoper-
fusion with an animal-use polymyxin 
B-immobilized fiber column has also been shown 
to improve hemodynamic parameters in dogs 
with sepsis induced by an intravenous infusion of 
E. coli. Blood lactate levels were improved in 
dogs treated with polymyxin B-immobilized 
fibers compared with non-treated dogs; however, 

platelet counts were significantly lower, which is 
an adverse effect of direct hemoperfusion with a 
polymyxin B-immobilized fiber column for ani-
mal use (Fig. 19.8) [9].

19.3	 �Toraymyxin, a Polymyxin 
B-immobilized Fiber Column 
for Human Use

19.3.1	 �Physical Structure 
of Toraymyxin Cartridge

The Toraymyxin cartridge comprises a plastic 
case containing a knitted roll of polymyxin 
B-immobilized fiber fabric for human use. The 
Toraymyxin cartridge is sterilized via autoclave 
and filled with physiological saline. The use of a 
thin, fibrous carrier produces a hemoadsorption 
cartridge with a large surface area that does not 
cause a large pressure drop in the blood flow 
compartment (Fig.  19.2). Flow through the 

Fig. 19.5  Endotoxin removal by polymyxin 
B-immobilized fibers examined in a rabbit pyrogen test
Polymyxin B-immobilized fibers (PMX-F) were incu-
bated with various concentrations of endotoxin in an 

aqueous solution at 37 °C for 120 min, and then intrave-
nously administered to rabbits. Treatment with polymyxin 
B-immobilized fibers suppressed the elevation of body 
temperature

19  Anti-endotoxin Properties of Polymyxin B-immobilized Fibers



Fig. 19.6  The endotoxin adsorption ability and bacteri-
cidal activity of polymyxin B-immobilized fibers. 
(Reproduced from Shoji et al. [24])
(a) Alteration in lipid A concentration by polymyxin 
B-immobilized fibers
Polymyxin B-immobilized fibers (PMX-F) were incu-
bated with a bovine serum solution containing 20 ng/mL 
of synthetic Escherichia coli lipid A with continuous stir-
ring. Lipid A concentration was measured via limulus 
amebocyte lysate assay

(b) Detoxification of endotoxin extracted from different 
species or strains of Gram-negative bacteria by use of 
polymyxin B-immobilized fibers
(c) Bactericidal activity of polymyxin B-immobilized 
fibers against Pseudomonas aeruginosa
Polymyxin B-immobilized fibers (PMX-F) or carrier 
fibers alone were incubated with a solution of 
Pseudomonas aeruginosa for 9  h and residual bacterial 
numbers were assessed
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Toraymyxin column is unidirectional and moves 
radially from the center to the outside of the roll 
of polymyxin B-immobilized fiber fabric, which 
improves adsorption capacity by ensuring a 
homogeneous distribution of blood within the 
column (Fig. 19.9a). Therefore, direct hemoper-
fusion can be performed in the clinical setting 
without the need for a complicated extracorpo-
real blood perfusion circuit.

The endotoxin adsorption capacity of the 
Toraymyxin column was evaluated in a bovine 
serum perfusion model. An endotoxin-containing 
bovine serum solution (10  ng/mL of endotoxin, 
total 1.5 L) was perfused through the Toraymyxin 
cartridge at a flow rate of 100  mL/min, and the 
change in endotoxin level was monitored using an 
LAL assay. Endotoxin concentration reached 
equilibrium after 2  h of perfusion (Fig.  19.9b) 
[11].

19.3.2	 �Toraymyxin as a Medical 
Device

There are three types of Toraymyxin columns 
currently available for clinical use in Japan: 
PMX-20R® (volume: 135  mL), PMX-05R® 
(40 mL), and PMX-01R® (8 mL) (Fig. 19.10a). 
The first Toraymyxin column released was PMX-
20R, which was developed for the treatment of 
adults with septic shock [11]. The second column 
released was PMX-05R, which was developed 
for use in pediatric or elderly patients with 
smaller circulating blood volumes or a body 
weight less than 40  kg [26]. Several reports in 
Japanese literature have shown acceptable results 
by using PMX-05R in pediatric or elderly patients 
with sepsis. In 2011, PMX-01R was released for 
use in newborn or premature babies, and there are 
case reports describing the clinical use of PMX-
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Fig. 19.7  Endotoxin 
adsorption by 
polymyxin 
B-immobilized fibers in 
an endotoxemia dog 
model. (Reproduced 
from Kodama et al. [25])
(a) Schematic of the 
experimental model: 
endotoxin was infused 
intravenously to dogs. 
Extracorporeal 
direct-hemoperfusion 
with a polymyxin 
B-immobilized fiber 
(PMX-F) column or 
control column was 
initiated
(b) Survival rates after 
PMX-F treatment were 
compared with those 
after treatment with a 
PMX-F column, or a 
charcoal, resin, or carrier 
fiber column
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01R in patients with a body weight less than 
1000 g with severe sepsis [27, 28].

19.3.3	 �Use of the Toraymyxin Column 
in Hemoperfusion

Prior to use, Toraymyxin columns must be rinsed 
with physiological saline and then primed. For 
example, a PMX-20R column must be washed 
out with 4  L of physiological saline and then 
primed with 1 L of physiological saline contain-
ing 20 mg of nafamostat mesilate or 1000 U of 
unfractionated heparin. For patients in an 
extremely critical condition or with an extremely 
low blood pressure, an albumin solution contain-

ing anticoagulation agents may be used as the 
final priming solution.

Vascular access for hemoperfusion is usually 
via a central vein (internal cervical vein, subcla-
vian vein, or femoral vein). The standard blood 
flow rate through the Toraymyxin column 
depends on the size of the column: 80–120 mL/
min for PMX-20R, 20–40  mL/min for PMX-
05R, and 8–12 mL/min for PMX-01R. An anti-
coagulant (20–30  mg/h nafamostat mesilate or 
bolus 40–60 U/kg and 40–60 U/kg/h unfraction-
ated heparin, depends on patients’ coagulation 
condition) should also be administered to prevent 
coagulation within the blood circuit (Fig. 19.10b). 
Since coagulation dysfunction is common in 
patients with septic shock, the short half-lives of 
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Fig. 19.8  Efficacy of polymyxin B-immobilized fibers in 
a dog bacterial infusion model. (Reproduced from 
Hanasawa et al. [9])
(a) Schematic of the experimental model: the solution 
containing Escherichia coli was infused intravenously to 
dogs. Extracorporeal direct-hemoperfusion with a poly-
myxin B-immobilized fiber (PMX-F) column or control 
column was initiated

(b) Alteration in mean aortic blood pressure: mean aortic 
blood pressure after PMX-F treatment increased com-
pared to that after treatment with the control column
(c) Alteration in platelet counts: platelet count signifi-
cantly decreased following PMX-F treatment compared 
that following treatment with the control column
(d) Alteration in blood lactate levels: blood lactate levels 
significantly decreased following PMX-F treatment com-
pared to those following treatment with the control 
column
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these regional anticoagulants in the blood mean 
that they are safe for use during hemoperfusion. 
Nafamostat mesilate is the most commonly used 
anticoagulant for this purpose in Japan.

Since 1994, Toraymyxin has been used in 
more than 100,000 cases in Japan. Despite 
adverse effects such as thrombocytopenia or 
hypotension being reported, their incidence is 
rare, and there have been no reports of any seri-
ous adverse effects [11].

19.4	 �Mechanism of Action of PMX 
Therapy

19.4.1	 �Removal of Endotoxin

The Toraymyxin column was originally designed 
to specifically adsorb endotoxin. Plasma endo-

toxin levels significantly decrease immediately 
after PMX treatment compared with pre-treatment 
levels [10]. By using data from a multicenter study, 
Tani reported that PMX treatment significantly 
reduced plasma endotoxin concentrations from 
83.7 ± 26.7 pg/mL to 56.4 ± 27.9 pg/mL after 2 h 
of direct hemoperfusion with a Toraymyxin col-
umn [29]. Although almost all of the studies con-
ducted so far have demonstrated a significant 
decrease in plasma endotoxin levels following 
PMX treatment, a recent RCT failed to show such 
an effect [12]. However, this could be due to the 
use of the LAL assay, which is prone to contami-
nation and lacks precision and accuracy resulting 
in both false positive and false negative results 
[30]. Indeed, our previous study showed that sen-
sitivity for the detection of endotoxin in the turbi-
dimetric LAL assay was very low (26.9%; 14 of 
52 patients) in patients with severe sepsis and sep-

Fig. 19.9  The inside 
structure and endotoxin 
adsorption capacity of 
the Toraymyxin 
cartridge
(a) Structure of a 
Toraymyxin cartridge 
and schematic of the 
blood flow inside the 
adsorption cartridge. 
(Provided by Toray 
Medical Co., Ltd.)
(b) Endotoxin 
adsorption capacity of 
the Toraymyxin 
cartridge compared with 
the carrier fiber cartridge 
alone. Bovine serum 
solution containing 
10 ng/mL of endotoxin 
was circulated through 
the Toraymyxin and 
carrier fiber cartridges. 
(Reproduced from Shoji 
et al. [11])
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tic shock who required PMX treatment [31]. A 
new method for the detection and quantitation of 
endotoxin is therefore immediately needed.

Recently, Romaschin developed a rapid assay, 
called the endotoxin activity assay (EAA), that 
detects endotoxin in whole blood by using autol-
ogous neutrophil-dependent chemiluminescence 
[32]. The EEA has been approved by the United 
States Food and Drug Administration as a clinical 
method for the diagnosis of endotoxemia, and 
was used in the EUPHRATES trial (see Sect. 
19.5.1) [33].

A rapid LAL assay for detecting endotoxin by 
using a laser light-scattering particle-counting 
method called endotoxin scattering photometry 
(ESP) has also been developed. Endotoxin binds 
to and activates factor C, a clotting enzyme, early 
in the LAL cascade, which ultimately results in 
the production of the insoluble protein coagulin. 
Coagulin spontaneously forms a polymer, and it 
is this polymer formation that is detected in the 
turbidimetric LAL assay. Obata et  al. reported 
that by using ESP they were able to detect coagu-
lin particles formed under agitation of the LAL 
cascade, and that the transferring period of the 

PMX-20R PMX-05R PMX-01R

length (mm) 224 133 133

Max. diameter (mm) 63 55 55

Shell diameter(mm 49 40 25

Fiber weight (g) 56 3 15 2 4 1

Blood volume (mL) 135 3 40 3 8 2.5

rinsing volume (L) 4.0 2.0 0.5

Blood flow (mL/min) 80-120 20-40 8-12

Operation time ( ) 2.0 2.0 2.0

PMX-20R

PMX-05R
PMX-01R
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[b]
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FEMORAL VEIN
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P
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Perfusion rate 80-120 ml/min

Fig. 19.10  The specifications of the Toraymyxin 
cartridge
(a) Overview of the three Toraymyxin cartridges currently 
available for clinical use. (Provided by Toray Medical 
Co., Ltd.)

(b) Schematic of direct hemoperfusion with a Toraymyxin 
cartridge. (Provided by Toray Medical Co., Ltd.)
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LAL cascade after endotoxin stimulation depends 
on the concentration of endotoxin before gelation 
[34]. The ESP method allows for more rapid and 
sensitive detection of endotoxin compared with 
the turbidimetric LAL method.

Furthermore, ESP is able to discriminate 
between patients with sepsis and those with sep-
tic shock undergoing gastrointestinal emergency 
surgery compared with the standard turbidimetric 
LAL assay [35]. After undergoing PMX therapy 
for a longer-duration (> 2 h), the hemodynamic 
condition of patients with septic shock due to 
intra-abdominal infection improved, and the 
reduction in plasma endotoxin concentration 
could be detected via ESP but not through the 
standard turbidimetric method. We have demon-
strated the ability of endotoxin adsorption in 
longer-duration PMX treatment [36]. Using the 
ESP method, we observed a reduction in endo-
toxin after passing through the Toraymyxin col-
umn even when PMX duration was greater than 
2  h. Therefore, ESP appears to be sensitive 
enough to detect circulating endotoxin in the 
plasma of patients with septic shock who require 
PMX therapy.

19.4.2	 �Other Potential Mechanism 
of Action of PMX Therapy

Although Toraymyxin was originally developed 
for the adsorption of circulating endotoxin from 
the blood, recent studies have shown other poten-
tial applications. Jaber reported that it may be 
possible to use Toraymyxin to remove lipotei-
choic acid (LTA) from peripheral blood [47]. In 
an in vitro study, polymyxin B significantly sup-
pressed LTA-induced tumor necrosis factor 
(TNF)-α production by peripheral blood mono-
nuclear cells, suggesting that LTA may also be 
removed during direct hemoperfusion with PMX 
and that this removal may be due to binding of 
LTA to polymyxin B.

Other recent studies have reported a possible 
relationship between immune cells and the reduc-
tion in inflammatory mediators. Ono demon-
strated that the expression levels of HLA-DR, a 
major histocompatibility complex class II cell 

surface receptor on monocytes, and CD16 on 
granulocytes, markedly decrease in patients with 
septic shock. However, PMX treatment had ben-
eficial effects by increasing leukocyte expression 
of these surface antigens [37]. The number of 
CD16+CD14+ monocytes and the expression 
level of monocytic toll-like receptor 4 dramati-
cally increase in patients with severe infection, 
and recent studies have shown that PMX treat-
ment is effective in reducing both of these in 
patients with septic shock [38]. Moreover, Ono 
demonstrated that the removal of surplus circu-
lating CD4+CD25+Foxp3+ regulatory T cells in 
patients with septic shock via hemoperfusion 
with Toraymyxin might represent a novel strat-
egy for inducing recovery from sepsis-associated 
immunosuppression [39]. Tsuzuki have demon-
strated immediate inhibition of NF-κB binding 
activity and suppression of TNF-α secretion after 
endotoxin neutralization with polymyxin B 
regardless of whether the peripheral blood mono-
nuclear cells were already producing TNF-α or 
not [40]. Reducing the number of circulating 
monocytes or modulating their function may 
contribute to improving pro-inflammatory 
responses following PMX treatment.

Anandamide and 2-arachidonyl glyceride are 
endogenous cannabinoids that are released by 
activated macrophages and platelets during endo-
toxic shock, and play a crucial role in the induc-
tion of shock-related hypotension [41]. Wang 
showed that anandamide was efficiently adsorbed 
by a polymyxin B-immobilized bead column in 
vitro [42]. Therefore, the adsorption of cannabi-
noids by polymyxin B may be an important 
mechanism for improving hemodynamic dys-
function following PMX treatment.

Macrophage migration inhibitory factor (MIF) 
is constitutively expressed by monocytes, macro-
phages, T cells, B cells, endocrine cells, and epi-
thelial cells. Microbial toxins and cytokines are 
powerful inducers of MIF release by immune 
cells, and up-regulation of MIF expression dur-
ing the course of inflammatory and infectious 
diseases plays an important role in the pathogen-
esis of sepsis and septic shock [43]. In a recent 
study, we demonstrated that Toraymyxin directly 
adsorbed MIF in vitro (unpublished data).
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High-mobility group box 1 protein (HMGB1), 
which is a protein previously known only as a 
nuclear transcription factor, is now implicated as 
a mediator of delayed endotoxin lethality and 
systemic inflammation [44]. An experimental 
study demonstrated that serum levels of HMGB1 
were lower in PMX-treated patients than in con-
trols [45]. The reduction in circulating HMGB1 
level may also contribute to the beneficial effects 
of PMX treatment in patients with sepsis 
[46–48].

Further studies are required to investigate the 
clinical efficacy of PMX treatment and elucidate 
the precise mechanism. Nevertheless, in Japan, 
PMX treatment is a widely accepted method to 
improve the condition of patients with septic 
shock, and this useful clinical device is gaining 
acceptance as its use becomes more widespread.

19.5	 �Clinical Use of PMX Therapy

19.5.1	 �PMX Therapy 
for the Treatment of Sepsis

The first clinical report from a phase I study of 
PMX therapy for the treatment of sepsis was pub-
lished in 1994 [10]. Sixteen patients with septic 
multiple organ failure were treated with direct 
hemoperfusion with a Toraymyxin column over 
2  h. PMX treatment significantly decreased the 
endotoxin level from 76 to 21 pg/mL (Fig. 19.11a). 
Furthermore, the patients’ hyperdynamic state 
(in terms of cardiac index), which is characteris-
tic of endotoxic shock, returned to normal after 
treatment (Fig. 19.11b) [10].

The results of the first prospective, multi-
center, observational clinical trial of Toraymyxin 
for the treatment of patients with sepsis in Japan 
were published in 1998 [29]. The survival rate 
was significantly higher in the treatment (PMX) 
group (54.0%) compared with the control group 
who received standard therapies (36.4%). In the 
treatment group, the mean plasma endotoxin con-
centration was significantly lowered from 
83.7  pg/mL before treatment to 56.4  pg/mL 
immediately after treatment. The day after treat-
ment, the mean plasma endotoxin concentration 

was found to be 28.5 pg/mL. Post treatment, the 
mean plasma endotoxin concentration was lower 
in those who survived (18.8  pg/mL) compared 
with those who died (88 pg/mL). Other cardiac 
function parameters also improved after 
treatment.

Nemoto demonstrated that the rate of overall 
survival in patients with sepsis significantly 
improved after PMX treatment compared with 
standard therapies without PMX (41% vs. 11%) 
in a RCT of 98 patients with sepsis in Japan [31]. 
PMX improved the rate of survival in patients 
with an APACHE II (Acute Physiology and 
Chronic Health Evaluation II) score <30, but not 
in those with scores >30, demonstrating that 
Toraymyxin treatment is most effective at 
improving patient outcome when applied during 
the early stages of sepsis [49].

In 1998, Toraymyxin received CE mark 
approval in Europe. In 2005, Vincent et al. pub-
lished the results of a multicenter, open-label, 
pilot, randomized controlled study conducted in 
the intensive care units of six academic medical 
centers in Europe, which was the first RCT of 
Toraymyxin conducted outside of Japan [11]. 
Thirty-six postoperative patients with severe sep-
sis or septic shock secondary to intra-abdominal 
infection were randomized to either PMX treat-
ment for 2 h (n = 17) or standard therapy (n = 19). 
PMX treatment was well tolerated and no signifi-
cant adverse effects were observed. Patients 
treated with PMX showed significant increases in 
cardiac index (P = 0.012 and 0.032 at days 1 and 
2, respectively), left ventricular stroke work 
index (P = 0.015 at day 2), and oxygen delivery 
index (P = 0.007 at day 2) compared with con-
trols. Furthermore, the need for continuous renal 
replacement therapy after study entry was signifi-
cantly reduced in the PMX group (P  =  0.043). 
There were no statistically significant differences 
in endotoxin and interleukin six levels, and organ 
dysfunction as assessed by the Sequential Organ 
Failure Assessment (SOFA) score, or 28-day 
mortality. Note that sepsis in the patients enrolled 
in this study was likely too severe to find statisti-
cal significance in the mortality outcome. 
Together, these results show that PMX treatment 
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is safe and that it improves cardiac and renal dys-
function due to sepsis or septic shock.

In 2007, Cruz et  al. published a systematic 
review of the effectiveness of Toraymyxin for the 
treatment of sepsis [12]. They included 28 publi-
cations that reported at least one of the specified 
outcome measures for PMX therapy. In this 
meta-analysis of 1425 patients (PMX therapy, 
978 patients; conventional therapy, 447 patients), 
PMX therapy was associated with a significantly 
lower risk of mortality compared with conven-
tional therapy (PMX, 33.5% vs. conventional 
treatment, 66.5%; risk ratio, 0.53; 95% CI, 0.43–
0.65). A 33–80% reduction in plasma endotoxin 
levels compared to pre-treatment levels was also 
observed. The large decrease in mortality was 
associated with an improvement in hemodynamic 
condition: after PMX therapy, mean arterial pres-
sure significantly increased by 19 mmHg (mean 
increase, 26%; range, 14–42%), and dopamine/
dobutamine dose was decreased by 1.8  μg/kg/
min. Improvement in pulmonary function was 
also demonstrated: the mean ratio of partial pres-
sure arterial oxygen to fraction of inspired oxy-
gen (PaO2/FiO2) increased by 32 units (95% CI, 
23–41 units; P < 0.001) (Fig. 19.12).

Cruz et al. have also published the results of 
the EUPHAS (Early Use of Polymyxin B 
Hemoperfusion in Abdominal Sepsis) trial, which 
was a prospective, multicenter, RCT conducted at 
the intensive care units of ten Italian tertiary care 
hospitals in 2009 [14]. Sixty-four patients with 
severe sepsis or septic shock who had undergone 
emergency surgery for intra-abdominal infection 
were enrolled in this study. Patients were ran-
domized within 6 h after open abdominal surgery 
to either conventional therapy (n = 30) or conven-
tional therapy plus two sessions of 2 h PMX with 
an interval of 24  h between sessions (n  =  34). 
Twenty-eight-day mortality was significantly 
improved in the PMX group (32%; 11/ 34 
patients) compared with that in the conventional 
therapy group (53%; 16/30 patients). In the PMX 
group, mean arterial pressure significantly 
increased from 76  mmHg (before treatment) to 
84 mmHg (72 h after treatment; P = 0.001) and 
vasopressor requirement (measured as inotropic 
score) significantly decreased from 29.9 (before 
treatment) to 6.8 (72 h after treatment; P < 0.001). 
In contrast, in the conventional therapy group, 
mean arterial pressure (before, 74 mmHg; 72 h 
after, 77  mmHg; P  =  0.37) and inotropic score 

Fig. 19.11  Results from the first clinical trial of 
Toraymyxin in Japan
(a) Endotoxin concentrations before and after Toraymyxin 
treatment

(b) Systemic vascular resistance (SVR) before and after 
Toraymyxin treatment. Toraymyxin treatment decreased 
the concentration of endotoxin in the blood and improved 
hemodynamic status in patients with severe sepsis and 
septic shock. (Reproduced from Aoki et al. [10])
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(before, 28.6; after, 22.4; P = 0.37) did not change 
significantly with treatment. Ratio of partial pres-
sure arterial oxygen and fraction of inspired oxy-
gen (PaO2/FIO2 ratio) significantly increased 
(before, 235; after, 264; P = 0.049) in the PMX 
group but not in the conventional therapy group 
(before, 217; after, 228; P  =  0.79). Moreover, 
SOFA score, which is an indicator of the severity 
of organ dysfunction, improved in the PMX 
group compared with the conventional therapy 
group (change in SOFA score, −3.4 vs. −0.1; 
P < 0.001).

Although the goal was planned to enroll 120 
patients in this study, the interim analysis revealed 
that the risk of mortality in the conventional treat-
ment group was significantly higher than that in 
the PMX group; thus, the study was terminated 
midway. Despite the high mortality rate in the 
conventional treatment group and the lack of 
evaluation of circulating endotoxin levels, this 
was the first report showing an improved rate of 
survival in a RCT conducted outside of Japan.

A multicenter randomized controlled trial, 
The ABDOMIX trial (Effects of Hemoperfusion 
with a Polymyxin B Membrane in Peritonitis 
with Septic Shock), was conducted in France 
[15]. A total of 243 patients with peritonitis-

induced septic shock from abdominal infections 
were enrolled and the primary end point of the 
study was 28-day mortality. This multicenter ran-
domized controlled study demonstrated a non-
significant increase in mortality and no 
improvement in organ failure with PMX treat-
ment compared to conventional treatment of 
peritonitis-induced septic shock. However, 
Antonelli et al. pointed out that major differences 
in mortality and completion rates of two sched-
uled sessions of PMX compared to the EUPHAS 
study may jeopardize their comparability, sug-
gesting that any definitive conclusion be put on 
hold [50]. The 28-day mortality rate recorded in 
both groups was significantly lower than that 
reported in larger studies (between 32.7% and 
53% for similar patient cohorts) [51–53]. 
Furthermore, only 81 of the 119 treated patients 
completed the two scheduled sessions of PMX. In 
the previously published EUPHAS study, all 
patients enrolled had completed the two planned 
sessions of PMX, and a significantly higher mor-
tality rate was recorded in the control group [50].

The EUPHRATES trial (Evaluating the Use of 
Polymyxin B Hemoperfusion in a Randomized 
Controlled Trial of Adults Treated for 
Endotoxemia and Septic Shock), which is ongo-
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ing in the USA and Canada [33], is a trial 
designed to address the criticisms of previous 
studies. Circulating endotoxin levels in patients 
with septic shock were evaluated by using a novel 
endotoxin detection method called the endotoxin 
activity assay (EAA). A total of 432 patients with 
septic shock and high EAA activity (> 0.6) were 
enrolled and randomized to either PMX or con-
ventional treatment. Dellinger et al. reported that 
the primary endpoint for mortality rate (44.3% in 
placebo group and 43.75% in PMX group) was 
not met in the full intention-to-treat population. 
Their interim results showed that the mortality 
rate in the per protocol population (36.9% in pla-
cebo group and 31.9% in PMX group) was 5% in 
favor of PMX treatment (P = 0.407). Interestingly, 
the final results of the EUPHRATES trial did not 
show reduced mortality at 28 days in patients 
with PMX treatment  (ClinicalTrials.gov 
Identifier: NCT01046669).

Direct hemoperfusion sessions with 
Toraymyxin column usually last 2  h; however, 
the obvious clinical efficacy of longer-duration 
PMX (> 6 h) in such cases has been reported [36, 
54–56]. No adverse effects, such as thrombocyto-
penia, have been reported with longer duration 
Toraymyxin treatment [36, 54]. Further studies to 
clarify the suitability of longer-duration 
Toraymyxin treatment are expected.

The combination of PMX and continuous 
hemodiafiltration (CHDF) has been reported to 
be more beneficial for patients with septic renal 
dysfunction than CHDF alone. Combination 
treatment significantly decreases the concentra-
tion of circulating interleukin-6 and improves 
patient survival (Fig.  19.13a) [57]. Moreover, 
PMX followed by CHDF with a polymethyl 
methacrylate (PMMA) membrane significantly 
decreased the concentrations of plasminogen 
activator inhibitor-1, protein C, interleukin-6, 
and endogenous anandamide compared with 
CHDF with a polyacrylonitrile membrane in 
patients with septic shock [58]. Therefore, the 
combination of PMX with PMMA–CHDF is 
beneficial for patients with septic shock and sep-
tic renal dysfunction. In combination therapy, the 
Toraymyxin column is generally placed before or 
after CHDF on a single circuit. However, when 

CHDF cannot be interrupted, for example in 
patients with renal failure, the Toraymyxin cir-
cuit can be connected in parallel or in series with 
the CHDF circuit (Fig. 19.13b) [59].

19.5.2	 �PMX Therapy for the Treatment 
of Acute Exacerbation of 
Idiopathic Pulmonary Fibrosis 
and Acute Respiratory 
Distress Syndrome

Idiopathic pulmonary fibrosis (IPF) is one of a 
heterogeneous group of diffuse parenchymal 
lung disorders of unknown etiology. Acute 
exacerbation of IPF is characterized by severe 
worsening dyspnea and high mortality. IPF is 
one of the most common presentations of idio-
pathic interstitial pneumonia. Previous reports 
have suggested that PMX treatment improves 
oxygenation in patients with acute lung injury 
or acute respiratory distress syndrome (ARDS) 
due to severe sepsis [60, 61]. The potential ben-
efit of PMX therapy for the treatment of acute 
exacerbation of IPF has also been reported [62]. 
A multicenter retrospective analysis of 160 
patients showed that PMX therapy improves 
oxygenation and survival in patients experienc-
ing acute exacerbation of IPF [63]. A large-
scale, prospective, RCT in patients experiencing 
acute exacerbation of IPF will be conducted in 
the near future.

The successful treatment of severe ARDS due 
to influenza virus infection with PMX has been 
reported recently. Yokoyama et al. reported a case 
of severe ARDS caused by novel swine-origin 
influenza virus (A/H1N1pdm) [64]. The patient 
underwent PMX, after which her hypoxemia 
improved and she survived. This is the first report 
of severe, life-threatening ARDS due to a novel 
influenza virus in which PMX was beneficial. 
Yatera et  al. reported a case of ARDS due to 
influenza A infection that was successfully 
treated with PMX [65]. Kudo et al. has reported 
cases of severe pneumonia due to highly patho-
genic avian influenza A (H5N1) in Vietnam suc-
cessfully treated with CHDF coupled with 
Toraymyxin hemoperfusion, suggesting that it is 
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an effective candidate treatment for ARDS due to 
the H5N1 virus if applied early in the disease 
[66].

These data show that new indications for PMX 
treatment in the field of pulmonary medicine will 
likely be available in the near future.
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Discovery of Novel Polymyxin-Like 
Antibiotics

Tony Velkov and Kade D. Roberts

Abstract
The antimicrobial lipopeptides polymyxin B 
and colistin (polymyxin E) are used as a ‘last-
line’ therapy for infections caused by 
multidrug-resistant (MDR) Gram-negative 
pathogens. However, their effective use as 
antibiotic drugs in the clinical setting is still 
plagued by significant toxicity issues, in par-
ticular their potential for nephrotoxicity. 
Furthermore, resistance to the polymyxins has 
begun to emerge in the clinic, which implies a 
total lack of antibiotics for the treatment of 
life-threatening infections caused by the 
Gram-negative ‘superbugs’. This chapter 
details our current understanding of poly-
myxin structure-activity relationships as well 
as recent pre-clinical and clinical drug devel-
opment efforts aimed at generating new poly-
myxin antibiotics with improved safety and 
efficacy.

Keywords
Polymyxin · Llipid A · Structure-activity 
relationship · Nephrotoxicity · Drug 
discovery

20.1	 �The Structure-Activity-
Relationships (SAR) 
Underlying the Antibacterial 
Activity of the Polymyxins

The polymyxins are a family of structurally 
related non-ribosomal polybasic cyclic lipopep-
tides produced by the soil bacterium Paenibacillus 
polymyxa. They were first discovered in the late 
1940s, and in the late 1950s the antibiotic drugs 
polymyxin B and colistin (Fig. 20.1) were intro-
duced into clinical practice for treating infections 
caused by Gram-negative bacteria [1, 2]. In Chap. 
3 we discussed in detail the chemistry of the 
polymyxins; their nomenclature, chemical struc-
tures, unique structural features as well as the 
chemical compositions of the clinically used 
drugs polymyxin B and colistin. In this chapter, 
we focus on our current understanding of the fun-
damental structure-activity relationships (SAR) 
of the polymyxins and the use of this information 
to develop new polymyxin antibiotics with 
improved safety and efficacy. Although the poly-
myxin class of lipopeptide antibiotics was dis-
covered over 70  years ago, no new polymyxin 
drugs have been approved for clinical use since 
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the 1960s. Attempts to explore polymyxin SAR 
and develop new polymyxin-like lipopeptides 
with improved pharmacological properties had 
been limited for most of this time up until the late 
1990s. This was due in part to limitations in the 
chemical technology available (e.g. appropriate 
peptide synthesis and purification-analysis tech-
niques) that allowed for full synthetic preparation 
of modified forms of these complex lipopeptides. 
Since then an increasing number of papers have 
been published exploring polymyxin SAR, which 
lead us to publish the first comprehensive review 
of polymyxin SAR studies [2]. Based on our 
extensive analysis of all reported polymyxin ana-
logues in the literature and pharmacophore devel-
opment studies, we have proposed that polymyxin 
SAR data are best interpreted based on a mecha-
nistic model of the interaction of the polymyxin 
molecule with lipopolysaccharide (LPS), its pri-
mary target in the Gram-negative outer mem-
brane (Fig.  20.2) [1, 2]. Modeling of the 
polymyxin-LPS interaction utilizing NMR data 
shows that a single polymyxin molecule specifi-
cally binds with the lipid A component of LPS 
and that this binding is stabilized by a combina-

Fig. 20.1  The chemical structures of the major components in the clinically used polymyxin B and colistin. The struc-
tural differences are highlighted in blue

Fig. 20.2  Molecular model of the complex between 
polymyxin B1 and lipopolysaccharide (LPS) from E. coli 
showing the binding of the polymyxin molecule with the 
lipid A component of LPS. The LPS is shown in space 
filled representation, while Polymyxins B1 is shown in 
stick representation
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tion of electrostatic and hydrophobic interactions 
(Fig.  20.2) [2]. Specifically, the positively 
charged side chains of Dab1 and Dab5 interact 
with the negatively charged 4′-phosphate group 
of lipid A, while those of Dab8 and Dab9 interact 
with the 1′-phosphate group of lipid A. The 
hydrophobic N-terminal fatty-acyl group and the 
hydrophobic residues at positions 6/7 (D-Phe6-
Leu7 in polymyxin B) form important hydropho-
bic contacts with the fatty-acyl chains of lipid 
A.  This binding of the polymyxin molecule to 
LPS ultimately leads to destabilization of the 
outer membrane of the bacteria [2]. In its LPS-
bound state the polymyxin backbone adopts an 
envelope-like fold separating the polar/charged 
residues from the hydrophobic residues, such that 
the polymyxin molecule is divided into a set of 
polar and hydrophobic domains. The exo-cyclic 
linear tripeptide sequence and cyclic heptapep-
tide ring serves to maintain the optimal distance 
between each domain, giving the structure its 
amphipathicity, a property that is essential for 
antimicrobial activity [3, 4].

Understanding of how the polymyxin mole-
cule specifically interacts with LPS along with 
the findings provided from SAR studies has lead 
us to identify five key structural features of the 

polymyxin molecular scaffold that contribute to 
its antibacterial activity (Fig.  20.3). These five 
key structural features are: (i) the hydrophobic 
N-terminal fatty-acyl chain; (ii) five L-2,4-
diaminobutyric acid (Dab) residues (positively 
charged at physiological pH); (iii) an exo-cyclic 
linear tripeptide sequence; (iv) the hydrophobic 
motif at positions 6 and 7 in the polymyxin scaf-
fold; and (v) the heptapeptide cyclic ring [2]. The 
specific SAR of each of these key structural fea-
tures, are summarised in the following 
paragraphs.

20.1.1	 �The Hydrophobic N-Terminal 
Fatty-Acyl Chain

The availability of large quantities of polymyxin 
B and colistin as a cheap source of starting mate-
rial and the ease of enzymatically removing the 
N-terminal fatty-acyl groups has meant that most 
studies on the SAR of the polymyxins have 
focused on generating new N-terminal analogues 
of polymyxin B or colistin [5–10]. A comparison 
of these N-terminal analogues reveals that anti-
microbial activity appears to correlate with the 
hydrophobicity, length and steric bulk of the 

Fig. 20.3  The five key structural features of the poly-
myxins that contribute to polymyxin SAR as highlighted 
with the polymyxin B1 scaffold: (Red) the hydrophobic 
N-terminal fatty acyl chain; (Purple) five Dab residues, 

positively charged at physiological pH; (Green) exo-cylic 
linear tripeptide sequence; (Blue) the hydrophobic motif 
at positions 6 and 7 and (Orange) the heptapeptide cyclic 
ring
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N-terminal substituent [2]. The optimal fatty-acyl 
chain length for aliphatic groups appears to be C7 
to C9 (as per the native peptides), as longer or 
shorter chain N-terminal analogs display reduced 
antimicrobial activity. This is consistent with the 
observation that LPS binding affinity appears to 
correlate with the length of the N-terminal fatty-
acyl chain [7, 11]. While planar aromatic groups 
such as biphenyl are well tolerated, most steri-
cally bulky or extensively branched N-terminal 
substituents are not as reflected by the poor anti-
microbial activity of these compounds [2]. 
Likewise, N-terminal substituents with signifi-
cant hydrophilic character also lead to decreased 
activity [2]. Overall, the available SAR data indi-
cate that a hydrophobic substituent at the 
N-terminus of the polymyxin molecule is indis-
pensable for antimicrobial activity. Intriguingly, 
there has been a recent report describing des-
fatty-acyl polymyxin analogs, which display 
selective antimicrobial activity against P. aerugi-
nosa [12].

20.1.2	 �Five Positively Charged Dab 
Residues

The critical involvement of the positively charged 
Dab residues (at physiological pH) in conferring 
the antimicrobial activity of the polymyxins has 
been well documented [13]. The key features of 
the Dab residues that are important for lipid A 
binding and antimicrobial activity include: a) the 
cationic character of the side chain groups; b) the 
length of the Dab side chain; and c) the specific 
order of the Dab residues within the primary 
sequence which confers the proper spatial distri-
bution of the positive charges for electrostatic 
interactions with the phosphates of lipid A.  To 
date, attempts to substitute or modify the Dab 
residues or reduce the number of positively 
charged positions have met with variable success 
[14]. In general, apart from Dab1 and Dab3, the 
remaining Dab residues (Dab5, Dab8, Dab9) 
within the cyclic heptapeptide ring are indispens-
able for the antimicrobial activity of the 
polymyxins.

20.1.3	 �The Exo-Cyclic Linear 
Tripeptide Sequence

The heptapeptide cyclic ring of the polymyxin 
molecule is bridged to the fatty-acyl chain by an 
exo-cyclic linear tripeptide segment (Fig. 20.3). 
The first two amino acids in this sequence are 
highly conserved across the naturally occurring 
polymyxins with an L-Dab residue being found 
at position 1 and an L-Thr residue at position 2. 
Position 3 can see structural variation with 
L-Dab, D-Dab or D-Ser being found at this posi-
tion [2]. Functionally, this segment in most cases 
contributes two positive charges towards the 
binding interaction with LPS. Moreover, the 
molecular model of the polymyxin-LPS complex 
indicates hydrogen bonds between: a) the amide 
nitrogen of Dab3 and the hydroxyl side chain of 
Thr2, and b) the main chain carbonyl of Dab4 and 
the amide nitrogen of Thr2, which bends the tri-
peptide towards the heptapeptide core (Fig. 20.2). 
A number of studies have explored the SAR of 
the linear tripeptide segment by examining the 
effects of amino acid deletions and substitutions 
[7, 14, 15]. The available SAR data relating to the 
tripeptide segment demonstrate that it represents 
an integral feature of the polymyxin structure. 
Two main SAR principles can be drawn from the 
data in the literature. Firstly, the tripeptide seg-
ment can only be truncated by one amino acid 
position (i.e. deletion of the Dab at position 1) 
from the N-terminus with a negligible loss of 
antimicrobial activity. Secondly, only conserva-
tive amino acid substitutions (substitution with 
an amino acid residue with similar functionality 
and size) appear to be tolerated without losing 
antibacterial activity.

20.1.4	 �The Hydrophobic Motif 
at Positions 6 and 7

The amino acid residues at positions 6 and 7 in 
the polymyxin heptapeptide ring (Fig. 20.3) form 
a hydrophobic motif that is generally conserved 
across the naturally occurring polymyxins and 
appears to be important for antibacterial activity 
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and plasma protein binding [2]. The position 6 
amino acid in particular is highly conserved 
across all polymyxins and is always either a 
hydrophobic phenylalanine or leucine residue. 
Furthermore, the amino acid residue at position 6 
is always the D-stereoisomer. This is critical as it 
acts as a β-turn forming element, allowing the 
heptapeptide cyclic ring to adopt the necessary 
confirmation for interacting with the lipid A 
(Fig. 20.2) [2]. The residue displayed at position 
7 can vary in structure with leucine, isoleucine, 
valine, nor valine and threonine being found at 
this position in the naturally occurring polymyx-
ins [2]. While the introduction of less hydropho-
bic groups such as alanine at position 7 is 
tolerated without significant loss of antibacterial 
activity [5, 16], gross structural modification at 
positions 6 and 7, such as replacement of the 
native amino acid residues with β-turn mimetics 
appears to impact negatively on the antimicrobial 
activity [5, 16].

20.1.5	 �The Heptapeptide Cyclic Ring

The amino group of the side chain of the Dab 
residue at position 4 is acylated by the C-terminal 
Thr residue to form a 23-membered cyclic ring 
(Fig.  20.3). The molecular model of the poly-
myxin B-LPS complex (Fig. 20.2) shows how the 
precise 23-atom size of the heptapeptide ring acts 
as a scaffold for electrostatic and hydrophobic 
LPS contact points. The available SAR data dem-
onstrates that the 23-atom size of the native poly-
myxin ring provides the most ideal structural 
configuration for potent antimicrobial activity, 
and that deletions or expansion of the ring size 
impact negatively on antimicrobial activity [2, 
17]. As already discussed above for the Dab resi-
dues and the hydrophobic motif at positions 6 
and 7, the side chain functionality of the amino 
acid residues in the heptapeptide cyclic ring are 
highly conserved across the naturally occurring 
polymyxins and generally intolerant to signifi-
cant modification. The threonine residue at posi-
tion 10 is also highly conserved in the native 
polymyxins and appears to make hydrophilic 

contacts with the sugar molecules of lipid A. 
However, in contrast to the other residues in the 
heptapeptide cyclic ring it appears to be more tol-
erant to structural modification [5, 16].

Our better understanding of polymyxin SAR 
is now utilized to design and develop new poly-
myxin lipopeptides with improved efficacy and 
toxicity profiles including the targeting of 
polymyxin-resistant Gram-negative pathogens. 
However, this is no trivial task. As highlighted 
above the whole molecular scaffold of the poly-
myxin molecule contributes to its antibacterial 
activity and is generally not amenable to signifi-
cant structural change. This leaves a narrow win-
dow for exploring structural modification of the 
polymyxins in order to improve their pharmaco-
logical properties. In the following section we 
discuss the recent developments in the field of 
polymyxin drug discovery [18, 19] and provide a 
perspective on each of these in terms of the SAR 
knowledge base discussed above.

20.2	 �Preclinical and Clinical 
Development of Novel 
Polymyxins-Like Antibiotics

20.2.1	 �Monash University 
Lipopeptides

The increasing use of polymyxin B and colistin 
as a ‘last-line’ therapy for infections caused by 
multidrug-resistant Gram-negative pathogens has 
seen the emergence of resistance to the polymyx-
ins in the clinical setting [1, 2]. This is very prob-
lematic as it implies that no antibiotics are 
available for the treatment of life-threatening 
infections caused by these Gram-negative ‘super-
bugs’. Our novel lipopeptide discovery program 
at Monash University (Melbourne, Australia) is 
the first to use the aforementioned polymyxin 
SAR based mechanistic model (Fig.  20.2) to 
design novel polymyxin-like lipopeptides that 
specifically target polymyxin resistant Gram-
negative bacteria [20]. The most common mecha-
nism of polymyxin resistance is through covalent 
modification of one or both of the lipid A phos-
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phates of LPS with a positively charged sugar 
(4-amino-4-deoxy-L-arabinose) or phosphoetha-
nolamine group, which removes the negative 
charge of the phosphate groups [1, 21–23] and 
inserts a positive charge at these sites. According 
to our polymyxin SAR based mechanistic model 
(Fig. 20.2) these modifications to the LPS would 
disrupt the electrostatic interactions between the 
phosphate groups and the positively charged 
amino groups of the Dab residues in the 
polymyxin molecule. This would significantly 
weaken polymyxin-LPS binding. Therefore, we 
hypothesized that incorporating residues with 
side chains of increased hydrophobicity at posi-
tions 6 or 7 would help overcome the disrupted 
polymyxin-LPS electrostatic interactions by 
enhancing the polymyxin-LPS hydrophobic 
interactions. This lead to the design and synthesis 
of the polymyxin B analogue FADDI-002 
(Fig. 20.4), which contains the non-natural amino 

acid L-octylglycine at position 7. Modeling of 
the FADDI-002-LPS interaction showed that 
compounds with these modifications were able to 
form a stabilized complex [20], which forms the 
basis of the ability of polymyxins to insert into 
the Gram-negative outer membrane [24].

Our molecular design strategy was validated 
when lipopeptide FADDI-002 showed signifi-
cantly increased antimicrobial activity against 
polymyxin-resistant Gram-negative clinical iso-
lates of P. aeruginosa, A. baumannii and K. pneu-
moniae (MICs of 2–16 μg/mL, vs colistin with 
MICs >128 μg/mL) [20]. In light of this promis-
ing activity we expanded our on SAR-based 
design strategy and synthesized a series of lipo-
peptides which incorporated various non-natural 
lipidic groups at positions 6 or 7 and the 
N-terminus (e.g. FADDI-003, FADDI-016, 
FADDI-017, FADDI-019, FADDI-020, Fig. 20.4) 
[20]. These lipopeptides showed very promising 

Fig. 20.4  Chemical structures of the novel polymyxin analogues by Monash University. The modifications that have 
been made to the polymyxin scaffold are highlighted in red
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activity against polymyxin-resistant strains while 
also maintaining their activity against polymyxin-
susceptible strains. Notably, against polymyxin-
resistant clinical isolates of P. aeruginosa, A. 
baumannii and K. pneumoniae, these lipopep-
tides had MICs of 2–8  μg/mL, whereas poly-
myxin B or colistin was not inhibitory even at 
128 μg/mL. In most cases the increase in antibac-
terial activity against polymyxin-resistant iso-
lates is greater when the modification is at 
position 6. The structure of the side chain at posi-
tions 6 and 7 does have a small effect on activity 
with straight chain aliphatic groups giving the 
best result. Interestingly, for these position 6 and 
7 modified peptides, replacement of the flexible 
aliphatic N-terminal octanoyl group with a rigid, 
aromatic biphenyl group did not have a negative 
effect on the antibacterial activity [20]. However, 
decreasing the length of the N-terminal fatty-acyl 
group did lead to decreased antibacterial activity 
with these peptides. The stereochemistry of the 
residue at positions 6 and 7 was important for 
antibacterial activity. The D-stereoisomer gave 
better activity than L-stereoisomer at position 6, 
while at position 7 the L-stereoisomer gave better 
activity than the D-stereoisomer. These observa-
tions are consistent with our current understand-
ing of the position 6 and 7 SAR for the polymyxins 
[2]. Surprisingly, several of these novel poly-
myxin lipopeptides also displayed antibacterial 
activity against the problematic Gram-positive 
vancomycin-resistant E. faecium and methicillin- 
or vancomycin-resistant S. aureus (MICs of 
4–8  μg/mL, vs polymyxin B or colistin with 
MICs of >32 μg/mL) [20]. This was unexpected 
as Gram-positive bacteria are usually intrinsi-
cally resistant to the native polymyxins [25]. 
Scanning and transmission electron microscopy 
images revealed that treatment with 4 μg/mL of 
lipopeptide led to the formation of blebs and pro-
trusions (evidence of cell lysis) on the bacterial 
cell envelope of a polymyxin-resistant clinical P. 
aeruginosa isolate (colistin MIC >128  μg/mL; 
FADDI-003 MIC 4 μg/mL) [20]. Notably, a simi-
lar blebbing effect was observed with polymyxin-
susceptible Gram-negative bacterial cells treated 
with polymyxin B and colistin [26], which would 
suggest a similar mechanism of action. 

Fluorescent dansyl-polymyxin displacement 
assays [27] revealed significantly higher binding 
affinities to isolated LPS (up to 27-fold) for 
FADDI-002 and FADDI-003 compared to poly-
myxin B and colistin [20].

A proof-of-concept study using a neutropenic 
mouse lung infection model demonstrated 
(p < 0.045) better in vivo efficacy of lipopeptide 
FADDI-002 against a polymyxin-resistant clini-
cal isolate of P. aeruginosa compared with colis-
tin [20]. After a single-dose treatment (40  mg/
kg S.C), the bacterial burden in the lungs from 
the mice treated with FADDI-002 was 4.75 ± 0.80 
log CFU/lung, which was significantly lower 
than 6.71  ±  0.46 log CFU/lung for the mice 
treated with colistin and 7.39  ±  0.17 log CFU/
lung for the control group. In rats, lipopeptides 
FADDI-002 and FADDI-003 had substantially 
lower total clearances (0.66–1.30  mL/min/kg) 
and volumes of distribution (195–313  mL/kg), 
and longer half-lives (166–204  min), compared 
to colistin (5.2  mL/min/kg, 496  mL/kg and 
74.6  min, respectively) [28]. Similar to colistin 
urinary recoveries of our lipopeptides were negli-
gible (<1%) [28]. The results of preliminary ani-
mal studies suggest that our lipopeptides have at 
least similar tolerability to polymyxin B and 
colistin in rodents. There was no detectable 
hemolysis of human red blood cells after expo-
sure to the examined lipopeptides, polymyxin B 
and colistin at concentrations up to 32 μg/mL.

Nephrotoxicity is the major dose-limiting fac-
tor for polymyxin B and colistin therapy [29]. The 
kidneys of mice subcutaneously treated with lipo-
peptides FADDI-003 or FADDI-019 (accumulated 
dose 105 mg/kg) were subjected to histopathologi-
cal examination and compared to the kidneys of 
mice treated with an identical concentration of 
polymyxin B or a saline control [20]. Micro- and 
macro-morphological examination of kidney sec-
tions from the lipopeptide FADDI-003 treated 
mice revealed no significant lesions in the cortex, 
medulla and papilla regions. The kidneys of the 
lipopeptide FADDI-003 treated mice essentially 
resembled the kidneys of mice treated with the 
saline control and no histological grade was given. 
Micro-examination of the kidneys of mice treated 
with FADDI-019 showed mild tubular dilation and 
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degeneration, and no tubular casts were identified. 
No macromorphological changes were evident, 
and the micromorphological changes observed in 
the kidneys was too mild to be graded. In compari-
son, the kidneys from the polymyxin B treated 
mice displayed damaged tubules, with marked 
tubular dilation and degeneration. It should be 
noted here that, the lower nephrotoxicity of the 
lipopeptide may be due to their high plasma pro-
tein binding (>90%), which would in turn reduce 
the exposure of the kidneys [20].

Overall, the results from this work support the 
use of our SAR-based mechanistic model to aid 
the design of novel polymyxins. It also lays a 
strong foundation for the further development of 
novel polymyxin lipopeptides that target 
polymyxin-resistant Gram-negative ‘superbugs’.

20.2.2	 �Northern Antibiotics/Spero 
Therapeutics

Work originating from Northern Antibiotics 
(Helsinki, Finland) has focused on developing 
polymyxin analogs with reduced nephrotoxicity. 
Their design strategy involved generating ana-
logues of polymyxin B with only three positive 
charges (compared to the five carried by poly-
myxin B and colistin) through modification of 
the exo-cyclic linear tripeptide sequence 
(Fig.  20.3) [14, 30–37]. The idea being that 
reducing the number of positive charges in the 
polymyxin scaffold would reduce its nephrotox-
icity. This design strategy is based on the low tox-
icity observed for colistin methanesulfonate, the 
clinically used pro-drug of colistin [14]. In colis-
tin methanesulfonate the amino groups of the 
Dab residues have been derviatised with nega-
tively charged methanesulfonate groups, which 
blocks the amino groups and prevents them from 
being positively charged at physiological 
pH. However, this modification of the Dab resi-
dues renders the polymyxin molecule totally 
inactive. Therefore, by removing only some of 
the positive charge from strategic positions in the 
polymyxin scaffold you may be able to generate 
compounds with the right balance between anti-
bacterial activity and nephrotoxicity. The most 

promising lead compound reported was NAB739, 
which shared an identical cyclic heptapeptide 
ring to that of polymyxin B, and a modified linear 
segment where Dab1 has been removed and Dab3 
has been replaced with D-Ser (Fig.  20.5) [14]. 
These modifications afford a polymyxin ana-
logue that carries only three positive charges at 
physiological pH. The in vitro antibacterial activ-
ity of NAB739 was evaluated against a large 
panel of clinically relevant Gram-negative iso-
lates [14, 32, 34]. NAB739 displayed good activ-
ity against E. coli (66 strains tested in total) with 
MIC90 values (1–2 μg/mL) comparable to that of 
polymyxin B [14, 32]. Against K. pneumoniae 
(50 strains tested in total), the MIC90 of NAB739 
was 2 μg/mL, versus polymyxin B with an MIC90 
of 1 μg/mL [32]. Notably, the MICs of NAB739 
against carbapenemase-producing (including 
KPC-, OXA-48-, VIM- and IMP-producing 
strains) E. coli and K. pneumoniae ranged from 1 
to 4  μg/mL, whereas those of polymyxin B 
ranged from 1 to 2 μg/mL [34]. NAB739 was less 
active against A. baumannii (49 strains tested in 
total) with an MIC90 of 8 μg/mL, compared to 
that of polymyxin B with an MIC90 of 2 μg/mL 
[32]. Similarly, poor activity was observed 
against P. aeruginosa (49 strains tested in total), 
with the MIC90 of NAB739 being 16  μg/mL, 
whereas that of polymyxin B was 2 μg/mL [32]. 
Notwithstanding, its poor direct activity against 
A. baumannii, sub-inhibitory concentrations of 
NAB739 were shown to sensitize the A. bauman-
nii strains to rifampicin, clarithromycin, and van-
comycin by facilitating their entry into the 
bacterial cell [14]. NAB739 was not active 
against polymyxin-resistant strains of E. coli and 
K. pneumoniae, Staphylococcus aureus and 
Candida albicans [14, 32, 34]. NAB739 showed 
in vivo efficacy in an E. coli mouse peritoneal 
infection model, producing a 4.0 log10 reduction 
in bacterial load compared to the saline control 
within 6 h, when administered two times in 2-h 
interval at 1 mg/kg [37]. Based on in vitro stud-
ies, the toxicity of NAB739 appears to be lower 
than polymyxin B and colistin [31, 36, 37]. The 
binding affinity of NAB739 for rat kidney brush 
border membranes was approximately sevenfold 
lower than polymyxin B [14]. Compared to poly-
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myxin B, NAB739 was eightfold less toxic in 
non-polarized porcine renal proximal tubular 
LLC-PK1 cells [37]. It should be noted that these 
cells express a functional megalin receptor, which 
is believed to be involved in the uptake of poly-
myxins [38]. In human renal proximal tubular 
HK-2 cells, NAB739 was 26-fold less toxic than 
polymyxin B and 7.5-fold less toxic than colistin 
sulfate [36]. Generally, the pharmacokinetics of 
NAB739  in rats was similar to colistin sulfate, 
however, some differences were notable, particu-
larly with respect to kidney clearance rates and 
urinary recovery [30]. Following a single intrave-
nous bolus of 1.0 mg/kg, the serum half-life of 
NAB739  in rats averaged 69.0  min (colistin 
75 min), with a corresponding total body clear-
ance and volume of distribution of 2.63 mL/min/
kg (colistin 5.22  mL/min/kg) and 222  mL/kg 
(colistin 496  mL/kg), respectively [30]. 
Approximately, 19% of the dose was eliminated 
within 24 h via the urine unchanged, compared to 
the urinary recovery of colistin sulfate of just 
0.2% [30]. The high urinary recovery of NAB739 
may mean it has therapeutic potential in the treat-
ment of urinary tract infections. To this end, 

Vaara et  al. showed in a mouse pyelonephritis 
model that NAB739 was able to reduce the bacte-
rial load of E. coli. in the kidneys, urine and blad-
der of at a significantly lower dose (tenfold lower) 
than polymyxin B [39]. Toxicokinetic studies in 
cynomolgus monkeys showed that NAB739 
dosed at 24 mg/kg/d for 7-days was better toler-
ated than polymyxin B at the same dose based on 
analysis of biomarkers for kidney damage such 
as blood urea nitrogen and creatine [40]. As pre-
viously observed in rodents, the urinary recovery 
for NAB739 after intravenous infusion was sig-
nificantly higher than polymyxin B in the cyno-
molgus monkeys [40].

Apart from NAB739, two additional Northern 
Antibiotics compounds are noteworthy, 
NAB7061 and NAB741 (Fig. 20.5), which do not 
possess potent direct antibacterial activity, how-
ever, they retained the ability to permeabilize the 
Gram-negative outer membrane [14, 33]. Similar 
to the potential application of NAB739 as a sen-
sitizing agent against A. baumannii, Northern 
Antibiotics purports that NAB741 and NAB7061 
may be useful for combination therapy to facili-
tate the access of hydrophobic antibiotics and the 

Fig. 20.5  Chemical structures of the novel polymyxin analogues by Northern Antibiotics/Spero Therapeutics. The 
modifications that have been made to the polymyxin scaffold are highlighted in red
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large hydrophilic antibiotics such as vancomycin, 
which normally cannot permeate through the 
Gram-negative cell wall and gain access to target 
site inside the bacterial cell. To this end, they 
reported data showing that at concentrations of 
4  μg/mL NAB7061 was shown to effectively 
decrease the MICs of rifampicin and clarithro-
mycin against E. coli, A. baumannii and a 
polymyxin-resistant K. pneumoniae strain [14, 
33–35]. Moreover, in an E. coli peritoneal mouse 
infection model, the combination of NAB7061 
(5  mg/kg body weight, twice, at an interval of 
2  h) and erythromycin (10  mg/kg) was more 
effective at reducing the bacterial load than either 
antibiotic alone [37]. Similar to NAB739, the in 
vitro toxicity of these two permeabilizer com-
pounds appears to be lower compared to poly-
myxin B.  NAB7061 displayed a fivefold lower 
affinity for isolated rat kidney brush border mem-
branes compared to polymyxin B [14]. The cyto-
toxicity of NAB741 was shown to be 13-fold 
lower compared to polymyxin B [14]. In terms of 
pharmacokinetics, NAB7061 displayed a half-
life 66 min, whereas NAB741 had a half-life of 
33 min (after a single intravenous dose of 1 mg/
kg) [30, 33]. The renal clearance of NAB7061 
and NAB741 is ~30-fold and ~400-fold higher 
than that of colistin sulfate [30, 33]. The prelimi-
nary toxicity studies with the Northern Antibiotics 
compounds suggests that decreasing the number 
of positive charges on the polymyxin scaffold 
leads to decreased toxicity. In 2015, Spero 
Therapeutics (Boston, USA) a company focused 
on the development of antibiotic drugs, licensed-
in the Northern Antibiotics polymyxin analogs to 
develop them as antibiotic potentiators [41]. This 
work is focused on developing NAB741, now 
known as SPR741 as an antibiotic potentiator 
[42, 43]. SPR741 is now in clinical development 
and has completed Phase I single ascending dose-
escalation and multiple ascending dose-escalation 
studies to evaluate its safety and pharmacokinet-
ics [44]. The randomized, double-blind, placebo-
controlled phase I study enrolled 96 healthy adult 
volunteers and SPR741 was well tolerated at 
single doses up to and including 800 mg and mul-
tiple daily doses up to and including 600  mg 
every 8 h for 14 consecutive days [44]. A Phase 

1b trial involving 27 healthy volunteers has also 
been conducted investigating the pharmacoki-
netic compatibility and tolerability of SPR741 
when co-administered with β-lactam antibiotics 
[45]. No change in the PK or tolerability of 
SPR741 was observed when administered as a 
single dose of 400 mg in combination with either 
piperacillin/tazobactam, ceftazidime, or aztreo-
nam. A Phase II clinical trial investigating its effi-
cacy as a potentiator in combination with another 
antibiotic is now being planned.

20.2.3	 �Hokuriku University 
Polymyxin B Nonapeptide 
Derivatives

Polymyxin B nonapeptide (PMBN) which lacks 
the N-terminal fatty acid tail (des-fatty-acyl) and 
the Dab1 residue (Fig. 20.6), is significantly less 
active compared to polymyxin B. However, it has 
significantly less acute toxicity and nephrotoxic-
ity than polymyxin B [10, 15, 46–49]. Despite its 
apparent lack of antibacterial activity, PMBN 
retains an outer membrane permeabilizing activ-
ity [10, 46–48]. Interestingly, the MIC of PMBN 
for E. coli and K. pneumoniae was reported as 
500  μg/mL whereas its MIC for P. aeruginosa 
was 8 μg/mL, clearly indicating the outer mem-
brane of P. aeruginosa is more sensitive to its 
permeabilizing activity [9]. Researchers at 
Hokuriku University (Kanazawa, Ishikawa, 
Japan) reported some interesting PMBN deriva-
tives (des-FA [Dap1]polymyxin B, des-FA-Dab1 
[Ser2-Dap3]polymyxin B, des-FA-Dab1-Thr2 
[Dap3]polymyxin B, des-FA-Dab1-Thr2 [Ser3]
polymyxin B, des-FA [Trp1]polymyxin B) 
(Fig. 20.4) with potent anti-pseudomonas activity 
(MICs of 0.5–1 μg/mL) [12, 50] and significantly 
less acute toxicity than polymyxin B.  In rodent 
models, the acute toxicity of polymyxin B can 
result in death through respiratory arrest, poten-
tially due to neuromuscular blockade [51, 52]. 
These compounds displayed up to an eightfold 
lower acute toxicity [des-FA [Dap3]polymyxin B 
(LD50 = 23.5 μmol/kg), des-FA-Dab1 [Ser2-Dap3]
polymyxin B (LD50  =  40.9  μmol/kg), des-FA-
Dab1-Thr2 [Dap3]polymyxin B (LD50 = >50 μmol/
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kg), des-FA-Dab1-Thr2 [Ser3]polymyxin B 
(LD50 = >50 μmol/kg), des-FA [Trp3]polymyxin 
B (LD50  =  19.0  μmol/kg)] compared to poly-
myxin B (LD50  =  4.8  μmol/kg). Compared to 
PMBN (LD50  =  31.5  μmol/kg), some of these 
compounds displayed less acute toxicity, which 
highlights the positive impact of the modifica-
tions made to the residues presented at positions 
2 and 3  in the exo-cyclic linear tripeptide 
sequence of PMBN [12, 50]. However, to date no 

information has been provided on the potential of 
these compounds for nephrotoxicity. Another 
notable aspect of PMBN, is that it is 25-fold less 
active at activating histamine release from rat 
mast cells compared to polymyxin B [53, 54]. 
Therefore, it follows that the development of 
aerosolized formulation of the aforementioned 
novel PMBN analogs may hold promise for inha-
lation therapy of P. aeruginosa lung infections in 
cystic fibrosis patients.

Fig. 20.6  Chemical structures of the novel polymyxin analogues by Hokuriku University. The modifications that have 
been made to the polymyxin scaffold are highlighted in red
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20.2.4	 �Cubist Pharmaceuticals

Cubist Pharmaceuticals (Lexington, MA, USA) 
had established a significant research program 
investigating novel N-terminal modified poly-
myxin B and colistin analogues based on intel-
lectual property developed by BioSource 
Pharmaceuticals [55]. This work centered around 
novel semi-synthetic methodology which 
involved enzymatically removing the N-terminal 
fatty-acyl groups of polymyxin B or colistin mix-
tures to provide a single ‘polymyxin core’ of 
which the N-terminus was derviatised with novel 
aryl-urea groups. The strategy behind these mod-
ifications was to reduce nephrotoxicity by 
decreasing the hydrophobicity of the N-terminal 
fatty-acyl group, i.e. have enough hydrophobicity 
at the N-terminus to maintain antibacterial activ-
ity but not enough to cause nephrotoxicity. Over 
200 novel analogues were prepared and tested. 
The lead compound to come out of this program 
was the polymyxin analogue CB-182,804, which 
contained an N-terminal 2-chlorophenylurea 
group (Fig.  20.7) [56]. Cubist screened 
CB-182,804 versus colistin against 455 Gram-
negative strains selected from various surveil-
lance programs which also included strains with 
acquired resistance to colistin, carbapenems and/
or broad-spectrum cephalosporins [57]. Overall, 
CB-182,804 had a comparable in vitro MIC pro-
file to colistin. Against P. aeruginosa (n = 100), 
including MDR strains resistant to carbapenems 
and/or aminoglycosides and/or fluoroquinolones, 
CB-182,804 was slightly more potent 
(MIC50 = 0.5 μg/ml and MIC90 = 2 μg/ml) than 
colistin (MIC50 = 1 μg/ml and MIC90 = 2 μg/mL). 
Likewise, against Acinetobacter spp. (n  =  81), 

CB-182,804 (MIC50 = 1 μg/mL and MIC90 = 4 μg/
mL) was comparable to that of colistin 
(MIC50  =  0.5  μg/mL and MIC90  =  4  μg/mL). 
However, against E. coli (n  =  80), CB-182,804 
(MIC50  =  1 μg/mL and MIC90  =  2 μg/mL) was 
less active than colistin (MIC50 = 0.25 μg/mL and 
MIC90 = 0.5 μg/mL). Against organisms intrinsi-
cally resistant to colistin, such as indole-positive 
Proteae, Pr. mirabilis and S. marcescens, 
CB-182,804 was also not active. In an indepen-
dent study conducted by Quale and co-workers at 
the Department of Medicine at SUNY Downstate 
Medical Center in New York, the in vitro antimi-
crobial activity of CB-182,804 versus polymyxin 
B was screened against 5000 Gram-negative clin-
ical isolates (E. coli (n = 3049), K. pneumoniae 
(n = 1155), Enterobacter spp. (n = 199), A. bau-
mannii (n = 407), P. aeruginosa (n = 679)) from 
New York City, a region with a high prevalence 
of multi-resistant strains [58]. The results of this 
study showed that the MICs of CB-182,804 were 
generally twofold higher than polymyxin B and 
cross-resistance with polymyxin B was observed. 
It was also observed that the combination of 
CB-182,804 and rifampin had a synergistic 
effect, improving antimicrobial activity against 
polymyxin-resistant strains (Enterobacter spp. 
(n = 199); CB-182,804 MIC90, = > 8 μg/mL vs 
CB-182,804 + rifampin MIC90 = 0.5 μg/mL).

In vivo studies in neutropenic mice lung and 
thigh infection model showed that CB-182,804 
had comparable or slightly improved in vivo effi-
cacy to polymyxin B [55]. In an in vitro cytotox-
icity assay utilizing rat kidney proximal tubule 
cells, CB-182,804 displayed significantly 
reduced cytotoxicity (EC50 = >1000 μg/mL) com-
pared to polymyxin B (EC50  =  318  μg/mL). 

Fig. 20.7  Chemical 
structure of the novel 
polymyxin analogue by 
Cubist Pharmaceuticals. 
The modifications that 
have been made to the 
polymyxin scaffold are 
highlighted in red
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Interestingly, the cytotoxicity observed in this 
assay, appeared to be significantly influenced by 
small variations in the chemical structure of the 
N-terminal aryl-urea group. The 
3-chlorophenylurea N-terminal analogue (a shift 
in the position of the chloro-group by one carbon 
from the ortho- to the meta- position of the phe-
nyl ring), was significantly more cytotoxic 
(EC50  =  619  μg/mL) than CB-182,804 
(EC50 = >1000 μg/mL). While no data has been 
presented on its in vivo nephrotoxicity in rodent 
models, the in vivo nephrotoxicity of CB-182,804 
was evaluated in female cynomolgus monkeys 
using clinically relevant doses. The comparative 
7-day repeat dose safety study revealed that 
CB-182,804 was less nephrotoxic than poly-
myxin B with administration of CB-182,804 at 
9.9 mg/kg/day (TID) showing similar renal tubu-
lar histological changes (increased renal tubular 
degeneration) to polymyxin B when dosed at 
6.6 mg/kg/day (BID). At 6.6 mg/kg/day (BID or 
TID), CB-182,804 had limited to mild renal tubu-
lar histological changes comparable to the back-
ground changes observed in the vehicle control. 
This in vivo study also revealed that CB-182,804 
had a different pharmacokinetic profile to poly-
myxin B, with CB-182,804 having decreased 
serum protein binding (30% vs 56% for poly-
myxin B), a two to threefold increase in plasma 
clearance, a twofold increase in the volume of 
distribution, less systemic exposure with a 2.5 
fold decrease in AUC and a twofold lower Cmax 
than polymyxin B. These pharmacokinetic differ-
ences to polymyxin B were viewed as being 
potentially exploitable at a therapeutic level, with 
CB-182,804 potentially having decreased toxic-
ity and enhanced efficacy through greater tissue 
distribution. On the back of this nephrotoxicity 
and pharmacokinetic data in monkeys, 
CB-182,804 was taken into a phase I clinical trial 
in 2009, but did not progress any further and 
Cubist has since discontinued this program. No 
information has been made public as to the out-
comes of the phase-I clinical trial. However, con-
sidering that Cubist’s primary focus was on the 
development of anti-infectives and has success-
fully progressed other antibiotic candidates 
through clinical trials, one can only conclude that 

the phase-I clinical trial did not produce the 
desired results. Cubist reported no further work 
with these compounds and in 2014 the company 
was acquired by Merck Pharmaceuticals.

20.2.5	 �Pfizer Polymyxin Analogues

Pfizer (New York City, USA) had also instigated 
a discovery research program trying to alleviate 
polymyxin nephrotoxicity through modifications 
of the Dab residues and the N-terminus of poly-
myxin B. This work was first reported in 2012 in 
a patent application [59], followed by a peer-
reviewed journal publication on their program in 
2013 [60]. Initial work focused on trying to 
decrease nephrotoxicity by modulating the basic-
ity of polymyxin core through the elimination of 
cationic charge or lowering the pKa of the dab 
residues. Through this work it was discovered 
that substitution of the Dab3 with a diaminopropi-
onic acid (Dap) residue to give lipopeptide 5a 
(Fig. 20.8), resulted in a twofold improvement in 
MIC values compared to polymyxin B against P. 
aeruginosa and A. baumannii strains, which also 
included polymyxin-resistant strains. Screening 
of lipopeptide 5a for in vitro nephrotoxicity uti-
lizing human renal proximal epithelial cells 
showed a twofold decrease in cytotoxicity rela-
tive to polymyxin B. Further modifications to the 
N-terminal fatty-acyl group of lipopeptide 5a 
with novel biphenyl groups lead to the discovery 
of the lead compound in the program 5x 
(Fig. 20.8), which contains the N-terminal hetero-
aromatic group, N-phenyl pyridone [60]. Similar 
to the Cubist lead polymyxin compound 
CB-182,804, the design strategy here was to 
decrease the hydrophobicity of the N-terminal 
fatty-acyl group to ameliorate nephrotoxicity 
without losing too much potency. These com-
pounds were prepared via a total synthesis 
approach but could also be obtained utilizing a 
semi-synthetic approach [59].

The in vitro antimicrobial profile of lipopep-
tide 5x against susceptible Gram-negative strains 
was essentially the same as polymyxin B [P. 
aeruginosa (n = 96), MIC90 = 2 μg/mL; A. bau-
mannii (n  =  96), MIC90  =  2  μg/mL; E. coli 
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(n  =  101), MIC90  =  2  μg/mL; K. pneumoniae 
(n = 101), MIC90 = 1 μg/mL] [60]. Lipopeptide 
5x also had a two to fourfold improved potency 
in vitro against polymyxin resistant sub-
populations of P. aeruginosa and A. baumannii 
[60]. Most importantly, screening lipopeptide 5x 
for in vitro nephrotoxicity utilizing human renal 
proximal epithelial cells saw >5-fold decrease in 
cytotoxicity relative to polymyxin B [60]. A 
7-day exploratory toxicity study in rats utilizing 
lipopeptide 5x demonstrated a lower incidence of 
necrotic kidney lesions relative to polymyxin B 
[60]. Dosing of lipopeptide 5x at 8  mg/kg/day 
(BID) for 7 days in rats was well tolerated and no 
significant histological kidney damage was 
observed whereas polymyxin B at the same dose 
was not tolerated, hence it’s in vivo nephrotoxic-
ity could not be assessed. However, polymyxin B 
dosed at 4 mg/kg/day (BID) for 7 days was toler-
ated, and resulted in minimal histological changes 
to the kidneys in all of the rats tested. To further 
evaluate the therapeutic potential of lipopeptide 
5x, a 7-day exploratory toxicity study in dogs of 
lipopeptide 5x versus polymyxin B was carried 
out [60]. Unfortunately, the promising results 
observed with lipopeptide 5x in the rat study did 
not translate to dogs, with minimal kidney lesions 
being observed at the lowest dose of 5x, 5 mg/kg/
day (BID). Higher doses of 5x at 11 and 20 mg/
kg/day (BID) were tolerated but resulted in more 
significant kidney lesions in every animal. The 
highest dose of polymyxin B that was examined 
in dogs was 6 mg/kg/day (BID), which resulted 
in moderate to significant kidney lesions in every 
animal. The PK/PD profile of lipopeptide 5x was 
also examined in a neutropenic mouse thigh 

infection model against two P. aeruginosa strains 
in a direct comparison with polymyxin 
B. However, when matched for fAUC/MIC val-
ues required for similar efficacy targets, lipopep-
tide 5x (fAUC/MIC; EI80 = 157.55 EI50 = 87.92, 
Stasis = 85.26, 1 log10 decrease = 109.63) did not 
perform as well as polymyxin B (fAUC/MIC; 
EI80 = 59.00 EI50 = 37.38, Stasis = 37.07, 1 log10 
decrease  =  44.95). The variation observed with 
the animal nephrotoxicity data, and the inferior 
PK/PD profile of lipopeptide 5x relative to poly-
myxin B, were considered significant barriers to 
further exploration of its therapeutic potential 
[60]. To date no further work has been published 
on lipopeptide 5x and Pfizer has since ended its 
polymyxin discovery program.

20.2.6	 �Cantab Anti-Infectives/Spero 
Therapeutics

UK based biotech company Cantab Anti-
Infectives (Hertfordshire, UK) has also been try-
ing to develop novel polymyxin compounds to 
address the nephrotoxicity issues of the polymyx-
ins [61–65]. This work has focused on replacing 
the N-terminal fatty-acyl group and Dab1 of poly-
myxin B with a range of structurally diverse 
hydroxy or amino functionalized acyclic/cyclic 
acyl groups to afford compounds such as CA-2, 
CA-6, CA-14 and CA-824 (Fig.  20.9). These 
compounds can be derived semi-synthetically 
from polymyxin B, through enzymatic cleavage 
of polymyxin B at Dab1 or Dab3 [63]. In the initial 
in vitro MIC screening experiments versus poly-
myxin B and colistin, against E. coli (n = 4), P. 

Fig. 20.8  Chemical structures of the novel polymyxin analogues by Pfizer. The modifications that have been made to 
the polymyxin scaffold are highlighted in red
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aeruginosa (n = 4), K. pneumoniae (n = 4) and A. 
baumannii (n = 4), these compounds had MICs 
that were generally in the same range as poly-
myxin B (0.25–0.5 μg/mL) with CA-14 showing 
the best spectrum of activity. In some cases the 
antimicrobial activity of CA-14 was slightly bet-
ter than polymyxin B and colistin [61]. 
Interestingly in these experiments, Northern 
Antibiotics’ NAB739 and Cubist’s CB-182,804 
discussed in the previous sections above, where 
also used as positive controls and showed compa-
rable antimicrobial activity (MICs) to CA-2, 
CA-6 and CA-14. The in vitro antibacterial activ-
ity of CA-2 and CA-6 was further evaluated 
against a larger panel of Gram-negative isolates 
[E. coli (n  =  100), P. aeruginosa (n  =  100), K. 
pneumoniae (n  =  100) and A. baumannii 
(n = 100)]. Here the MIC90 values for CA-2 and 

CA-6 were 2–16 fold higher than the MIC90 val-
ues obtained for polymyxin B [61]. Assessment of 
in vivo efficacy in a neutropenic mouse thigh 
infection model of E. coli, showed that treatment 
with CA-2 (−4.48 log10CFU) and CA-14 (−4.05 
log10CFU) gave a comparable reduction in the 
bacterial load to polymyxin B (−4.2 log10CFU) 
when dosed at 10  mg/kg, with CA-6 (−3.38 
log10CFU) being less efficacious. However, at the 
lower dose of 3  mg/kg, these lipopeptides were 
not as efficacious as polymyxin B [61]. In a neu-
tropenic mouse thigh infection model of K. pneu-
moniae these compounds gave a comparable 
reduction in the bacterial load (CA-2  =  −2.22 
log10CFU, CA-6  =  −1.92 log10CFU and 
CA-14  =  −2.30 log10CFU) to colistin (−2.60 
log10CFU) when dosed at 10 mg/kg [61].

Fig. 20.9  Chemical structures of the novel polymyxin analogues by Cantab Anti-infectives/Spero Therapeutics. The 
modifications that have been made to the polymyxin scaffold are highlighted in red
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Screening for in vitro nephrotoxicity in HK-2 
renal proximal tubule cells revealed that CA-2 
(IC50 = 82 μg/mL), CA-6 (IC50 = 154 μg/mL), and 
CA-14 (IC50  =  60  μg/mL) were less cytotoxic 
than polymyxin B (IC50  =  11  μg/mL), colistin 
(IC50 28  = μg/mL) and Cubists lead compound 
CB-182,804 (IC50 = 22 μg/mL), but were more 
cytotoxic than Vaara’s lead compound NAB739 
(IC50 = 176) [61]. To further evaluate the poten-
tial nephrotoxicity of CA-2, CA-6 and CA-14, 
the lipopeptides were screened for in vivo neph-
rotoxicity versus colistin in a 7-day rat study 
[61]. Nephrotoxicity was assessed by examining 
the concentrations of the key renal biomarkers of 
kidney injury; N-acetyl-beta-D-glucosamine 
(NAG), albumin and cystatin [61]. When dosed at 
8  mg/kg/day BID CA-2, CA-6 and CA-14 all 
showed a two to threefold reduction in the levels 
of NAG, albumin and cystatin relative to colistin. 
The pharmacokinetic profile of CA-2 and 
CA-6 in rats versus polymyxin B was also evalu-
ated [61]. Compared to polymyxin B 
(t1/2 = 1.94 h), CA-2 had a half-life (t1/2 = 1.34 h) 
that was slightly less, and a 1.5-fold increase in 
Cmax and AUC.  CA-6 had a half-life life 
(t1/2 = 0.56 h), which was ~4 times less than poly-
myxin B, while its Cmax was 2.5-fold greater than 
polymyxin B. Both CA-2 and CA-6 had smaller 
volumes of distribution (488 and 289  mL/kg) 
than polymyxin B (1120 mL/kg). CA-2 and CA-6 
also had lower clearance (251 and 386 mL/h/kg) 
than polymyxin B (429 mL/h/kg).

More recently, Cantab presented in vitro and 
in vivo efficacy data for their novel polymyxin 
analog CA-824, in which the N-terminal fatty-
acyl group and Dab1 of polymyxin B has been 
substituted with a (S)-1-N-isobutylpiperazine-2-
carboxyl group (Fig.  20.9) [63–65]. Against 
clinical isolates of E. coli (n  =  30), P. aerugi-
nosa (n = 30), K. pneumoniae (n = 36) and A. 
baumannii (n  =  30), CA-824 had comparable 
MIC50 and MIC90 values to polymyxin B and 
less in vitro toxicity (IC50 = 148 μg/mL) against 
HK-2 proximal tubular cells when compared to 
polymyxin B (IC50 = 15 μg/mL) [65]. In a neu-
tropenic mouse thigh infection model CA-824 
showed comparable killing of a carbapenem 
resistant reference isolate A. baumannii NTNC 

13301 to polymyxin B, however against the 
same isolate in a neutropenic mouse lung infec-
tion model, CA-824 showed significantly better 
killing than polymyxin B [64]. The improved 
efficacy over polymyxin B in the mouse lung 
infection model was also observed against P. 
aeruginosa [64]. In 2017 the compounds from 
Cantab Anti-Infectives polymyxin program 
were acquired by Spero Therapeutics and are 
now being developed as part of Spero’s potenti-
ator platform [66]. To this end, Spero is pro-
gressing the polymyxin clinical candidate 
SPR206 (Fig.  20.9), a novel polymyxin nona-
peptide derivative containing an N-terminal 
(S)-4-amino-3-(3-chlorophenyl)butanoyl group 
and a Dap residue at position 3 [45, 67, 68]. It is 
designed to be used as a single agent to treat 
multidrug resistant (MDR) and extensively 
drug-resistant (XDR) bacterial strains, includ-
ing carbapenem-resistant P. aeruginosa, A. bau-
mannii, and Enterobacteriaceae [45]. Against 
Enterobacteriaceae species (541 clinical iso-
lates, including carbapenem-resistant K. pneu-
moniae and E. coli), SPR206 displayed in vitro 
activity that was 2 to 4-fold greater than colistin 
and polymyxin B [68]. SPR206 also displayed 
potent in vitro activity compared to polymyxin 
B and colistin against the non-fermentative 
Gram-negative bacilli P. aeruginosa [(MIC50/90, 
0.25/0.5  μg/mL), 2-fold lower than colistin 
(MIC50/90, 0.5/1  μg/mL) and polymyxin B 
(MIC50/90, 0.5/1  μg/mL)] and A. baumannii 
[(MIC50/90,0.12/0.25  μg/mL), 2 to 8-fold more 
potent than polymyxin B (MIC50/90, 0.25/1–2 μg/
mL) and 4- to 32-fold more potent than colistin 
(MIC50/90, 0.5/4–8 μg/mL)] [67]. In 2018, Spero 
Therapeutics announced that SPR206 had suc-
cessfully completed IND enabling studies and 
planned to take it into Phase I clinical trials in 
2019 [45].

20.3	 �Conclusions

In the wake of our increasing understanding of 
polymyxin SAR, recent medicinal chemistry 
efforts have yielded some interesting novel poly-
myxin lipopeptides with promising activity and 
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toxicity profiles compared to polymyxin B and 
colistin. The novel position 6 and 7 modified 
polymyxin lipopeptides from Monash University 
are unique with respect to their design, which 
specifically targets polymyxin resistance. This is 
important, as polymyxin resistance may become 
a greater issue in the future with the increasing 
clinical use of the polymyxins. The Monash com-
pounds also highlight the value in using an 
SAR-based mechanistic model of polymyxin 
antibacterial activity to help aid the design of 
superior polymyxin lipopeptides. While the novel 
polymyxin compounds developed by Northern 
Antibiotics, and Hokuriku University lack the 
desired spectrum of antibacterial activity against 
clinically important Gram-negative pathogens, 
they also appear to lack the nephrotoxic side 
effects of the clinically used polymyxins. Hence, 
their clinical value may lie as antibiotic potentia-
tors to be used in combination therapy with other 
antibiotics that have trouble penetrating the 
Gram-negative outer membrane. To this end, 
Spero Therapeutics has taken one of Northern 
Antibiotics polymyxin analogs into early stage 
clinical development as an antibiotic potentiator; 
however, it still remains to be seen if the antibac-
terial efficacy using the potentiator approach can 
be achieved in humans.

Cubist Pharmaceuticals and Pfizer both made 
significant attempts to develop less nephrotoxic 
analogues of polymyxin B and colistin. Both pre-
clinical programs collected significant amounts 
of in vitro and in vivo nephrotoxicity and efficacy 
data on their lead lipopeptides against problem-
atic Gram-negative strains, with Cubist taking 
their lead candidate into Phase I clinical trials. 
However, the fact that neither of their lead lipo-
peptides is being pursued any further and their 
polymyxin programs abandoned, highlights the 
immense difficulty in finding the right balance 
between efficacy, toxicity and PK/PD properties 
when it comes to developing new polymyxin 
antibiotics. In light of these setbacks, it will be 
interesting to see if the clinical candidate SPR206 
from Spero Therapeutics, can be successfully 
translated into the clinic.

This collective body of pre-clinical and clini-
cal work highlights how structurally intertwined 

the activity and toxicity of the polymyxins are 
and how difficult it is to try and structurally sepa-
rate them through chemical modification of the 
polymyxin scaffold. Moving forward, the afore-
mentioned pre-clinical and clinical drug develop-
ment programs have provided valuable insights 
into not only polymyxin SAR but also polymyxin 
structure-toxicity relationships (STR). They have 
highlighted that the N-terminal fatty-acyl chain 
and the positively charged Dab residues represent 
nephrotoxicity ‘hot-spots’ around which medici-
nal chemistry efforts should be focused in order 
to reduce toxicity. In this respect, there is an 
urgent need to further develop our understanding 
of the molecular mechanisms and targets under-
lying the renal uptake, disposition and toxicity of 
the polymyxins. This would allow for the devel-
opment STR-based mechanistic models of poly-
myxin nephrotoxicity to help aid the design of 
superior polymyxin antibiotics.
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Conclusion

Roger L. Nation

Abstract
This chapter briefly reviews the progress that 
has been made in understanding the key chem-
ical, microbiological and pharmacological 
properties of the polymyxins since they were 
resurrected for clinical use around the start of 
the current century. Discussed are some of the 
key outcomes of the first three international 
conferences on the poymyxins, including pub-
lication of a consensus statement on a frame-
work for redevelopment of these last-line 
antibiotics and international consensus guide-
lines for their optimal use in patients.

Keywords
Polymyxins · Colistin · Polymyxin B · 
Progress in understanding how to use in 
patients · Consensus statements and 
guidelines

The mismatch between rising rates of multi-drug 
resistance among important Gram-negative 
pathogens and the dry drug development pipeline 
for new antibacterials was the driving force for 

the resurrection of the ‘old’ polymyxin antibiot-
ics for treatment of life-threatening infections. 
Since their discovery in the late 1940s and intro-
duction into the clinic about a decade later, colis-
tin and polymyxin B have been on a remarkable 
journey. As reviewed previously [1–3], there is 
no doubt about the excellence of the science that 
was conducted back in the middle of the twenti-
eth century leading to the discovery of the poly-
myxins and to the uncovering of some of their 
key chemical, microbiological, pharmacological 
and clinical properties. A difficulty imposed upon 
the researchers of the time was the relatively 
crude nature of the experimental methods that 
were available to explore the significant com-
plexities of the chemistry and biological behavior 
of these antibiotics. With the increased clinical 
use of the polymyxins since around the beginning 
of the current century and with the benefit of 
modern techniques, there has been a very sub-
stantial increase in the scientific and clinical 
knowledge around the polymyxins. This is 
reflected in the number of papers on the poly-
myxins published annually; between the years 
2000 and 2018 there was greater than a tenfold 
increase in papers per year and the publication 
rate continues to increase (see Chap. 1, Fig. 1.7).

Because colistin and polymyxin B are long off 
patent and multiple generic brands exist, the vast 
majority of the preclinical and clinical research 
undertaken over the last 10–15 years was investi-
gator initiated and funded by government or other 
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public grant bodies. In essence, the research con-
ducted across the first several years of the twenty-
first century has been to generate preclinical and 
clinical scientific information that is required by 
regulatory agencies today for approval of new 
drugs. Thus, the polymyxins have been undergo-
ing ‘redevelopment’ to generate the information 
needed to enable clinicians to use them opti-
mally; that is, to maximize bacterial killing, min-
imize emergence of resistance and decrease the 
potential for toxicity in patients. As the world 
continues to confront the ‘Bad Bugs, No Drugs’ 
scenario, the polymyxins have been at the van-
guard in relation to the need to resurrect ‘old’ 
antibiotics. Undoubtedly, many of the issues con-
fronted in the ‘redevelopment’ of the polymyxins 
will provide valuable lessons for the other ‘old’ 
antibiotics that follow.

At the dawn of the ‘new’ era for the polymyx-
ins as they became increasingly needed for the 
treatment of infections caused by multidrug-
resistant bacteria, it was clear that important infor-
mation required to use them safely and effectively 
was not available. Many of these gaps and hin-
drances were summarized within the ‘Prato 
Polymyxin Consensus’ [4], which was an impor-
tant outcome of the 1st International Conference 
on Polymyxins held in Prato, Italy in 2013. In 
essence, the ‘Prato Polymyxin Consensus’ pro-
vided a roadmap of high-priority issues to be 
addressed in the ongoing efforts to optimize the 
clinical use of the polymyxins. The 2nd 
International Conference on Polymyxins was held 
in San Diego, USA in 2015; a key outcome of that 
conference was the identification of the need for 
‘international consensus guidelines for the optimal 
use of the polymyxins’. Pleasingly, such guide-
lines have been prepared by an international group 
of experts; the guidelines have been published [5] 
and will be subject to wide dissemination. The 3rd 
International Conference on Polymyxins was held 
in Madrid, Spain in 2018. That conference pro-
vided the forum for presentation of research that 
filled ongoing gaps in knowledge, and identified 
key areas where yet more work is required.

The chapters in this book provide a summary 
of the history of the polymyxins across the last 

six to seven decades, with a primary focus on 
presenting the progress that has been made over 
the last several years towards understanding how 
to effectively and safely use this important class 
of antibiotics. As is evident from the chapters, 
very substantial progress has been made in under-
standing the complexities of the polymyxins and 
how their clinical use may be optimized. 
However, it is also clear from the material pre-
sented in the chapters that there is still some work 
to do. Undoubtedly, the gain in knowledge over 
the next few years will lead to further improve-
ments in the ability of clinicians to use the poly-
myxins safely and effectively.
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