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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.
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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]

J. Li



3

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

https://doi.org/10.1007/978-3-030-16373-0_2
https://doi.org/10.1007/978-3-030-16373-0_3
https://doi.org/10.1007/978-3-030-16373-0_4
https://doi.org/10.1007/978-3-030-16373-0_5
https://doi.org/10.1007/978-3-030-16373-0_6


6

0

50

100

150

200

250

300

350

400

450

19
47

19
49

19
51

19
53

19
55

19
57

19
59

19
61

19
63

19
65

19
67

19
69

19
71

19
73

19
75

19
77

19
79

19
81

19
83

19
85

19
87

19
89

19
91

19
93

19
95

19
97

19
99

20
01

20
03

20
05

20
07

20
09

20
11

20
13

20
15

20
17

N
um

be
r o

f p
ap

er
s 

in
 P

ub
M

ed

Year

Fig. 1.7  Number of papers on polymyxins in PubMed by searching with “colistin[title] or polymyxin[title]” on 6 June 
2019. 

Fig. 1.6  Structures of polymyxin B and colistin. Dab, α,γ-diaminobutyric acid
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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 
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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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