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Abstract

Polymyxins, especially polymyxin B and colistin (polymyxin E), are the last resort antibiotics among a few reserve antibiotics still
showing potentiality against Gram-negative superbugs. Globally, during the alarming situation of fast-spreading antibiotic resis-
tance in Gram-negative bacteria, the therapeutic application of polymyxins should be rational and target-specific considering their
pharmacokinetic (PK)and pharmacodynamic (PD) characteristics. Intravenous polymyxin B shows relatively higher plasma protein
binding and excessive renal tubular reabsorption; it invariably exists in the plasma for longer periods, maintaining the minimum
inhibitory concentration (MIC) properly, and mostly are excreted out through a nonrenal pathway. On the other hand, intravenous
inactive colistimethate sodium is bio-converted in the blood and kidneys into the active colistin moiety that manifests relatively
higher colistin concentration in the urinary tract for longer duration possessing the MIC statically. This study comprehensively
evaluated the PK and PD data of polymyxins assuming that the therapeutic specification of polymyxin B in bloodstream infections
and colistin in urinary tract infections caused by multidrug-resistant Gram-negative bacteria may be an intelligent approach dur-
ing the emergence of antibiotic resistance. The therapeutic specification of polymyxins may effectively reduce the progression of

polymyxin resistance and optimize its therapeutic outcomes in the treatment of life-threatening infections.
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1. Context

Globally, the challenge of antibiotic resistance has
reached the point of “new antibiotic crisis” in fighting
against various life-threatening bacteria. Such a medical
urgency was spotlighted in the “bad bugs, no drugs” report
of the Infectious Diseases Society of America (IDSA)in 2004
(1)

At present, medical science is threatened by “super-
bugs”, the bacteria that are resistant to most available
potential antibiotics. The World Health Organization
(WHO) has identified this alarming situation as one of
the three greatest threats to global human health (2).
This unresolved global threat is due to the presence
of multidrug-resistant (MDR) microorganisms, especially
Gram-negative bacteria, mostly Pseudomonas aeruginosa,
Acinetobacter baumannii, and carbapenem-resistant Enter-
obacteriaceae like, Klebsiella pneumonia, against which the
existing antibiotics show inability in most cases. The most
unfortunate news is that there is no new remarkable an-

tibiotic in the pipeline in the upcoming years (3). The
MDR organisms are defined as non-susceptible organisms
that show resistance to at least one antibiotic in three or
more classes of antimicrobials within its standard suscep-
tibility spectrum (1). The term, extensively drug-resistance
(XDR) is mostly used for Mycobacterium tuberculosis (TB) in-
fections where the TB pathogen is resistant to at least four
major anti-TB drugs (2). The recent emergence of MDR in-
fections is hinting an XDR era in the nearest future if such
necessary measures are not taken immediately (1, 3). As a
result, with the uprising scarcity of potential antibiotics in
MDR infections, treatment costs along with mortality and
morbidity rates are substantially increasing day by day (4,
5).

With the increasing risk of MDR organisms, global
medical concern has turned into one of the oldest groups
of antibiotics “polymyxins”, a group of cationic antibiotics
consisting of five different polymyxin antibiotics (A to E).
However, clinical practice only uses polymyxin B and col-
istin, also known as polymyxin E (6, 7). Polymyxins are
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broadly active against Gram-negative bacteria. Polymyxins
were discovered in 1947 and clinically approved for use in
the late 1950s. After completing a long journey, in the mid-
1970s, the interest in the polymyxin use reduced due to the
disclosing of some of its potential side effects like nephro-
toxicity and neurotoxicity following intravenous admin-
istration (8). Because of the alarming existence of MDR
Gram-negative bacteria and the huge shortage of potential
antibiotics to effectively control the situation, polymyxins
came strongly again in the global consideration over the
last two decades (9). Nowadays, polymyxin B and colistin
are globally considered as the last-line reserve antibiotics
against these “Serious” Gram-negative superbugs (10). A re-
cent review study showed that there are many recent con-
troversies globally regarding the use of polymyxin B and
colistin against serious life-threatening superbugs; they
are especially about their potential therapeutic options
one over another regarding their therapeutic side effects
found in different studies (11).

The objective of the current review article was to eval-
uate the scope of therapeutic specification of polymyxins
considering the pharmacokinetic (PK) and pharmacody-
namic (PD) properties of polymyxin antibiotics in Gram-
negative bacterial infections. PubMed, Cochrane Library,
and Scopus databases were hand-searched in October 2018
for selecting the references of relevant reviews to select ar-
ticles for this review article. The keywords used were “col-
istin AND polymyxin B” with or without terms pharma-
cokinetics, pharmacodynamics, mechanism, resistance,
and history.

2. Structures of Polymyxins

Polymyxins have a basic chemical structure similar
to the structure of defensins and gramicidins, which are
cationic peptides showing first-line antimicrobial prop-
erties in eukaryotic cells (12). Polymyxins are cationic
polypeptides that contain a cyclic heptapeptide occupying
a tripeptide side chain which is acylated at its N-terminus
byafattyacid tail (13,14). Asingle amino acid in the peptide
ring differentiates polymyxin B (Figure 1) and colistin (Fig-
ure 1) from each other; there are only phenylalanine and
leucine in polymyxin B and colistin, respectively. Depend-
ing on the length of fatty acyl chain, the European Phar-
macopoeia accepts two components of colistin-colistin A
and B, and two components of polymyxin B, polymyxin Bl
and B2 (Figure 1) (15). Polymyxin B is the active form and
it is administered directly. On the other hand, colistin is
administered as a prodrug in the form of colistimethate
sodium (CMS) also known as, colistin methanesulfonate
(15). Polyanionic inactive prodrug CMS is formed by re-
acting colistin with formaldehyde and sodium bisulfate

(14, 16). In aqueous media in vitro and in biological fluids
in vivo, CMS is converted into colistin; moreover, several
methanesulfonate compounds are generated that are inac-
tive in nature (17,18).

3. Mechanism of Action of Polymyxins

There is no difference between polymyxin B and col-
istin regarding their target sites and pathways of ac-
tion. Basically, polymyxins target the outer membrane of
Gram-negative bacteria (19). The positively charged «,y-
diaminobutyric acid (Dab) residues of polymyxins interact
with the negatively charged phosphate groups of the outer
lipid A membrane of Gram-negative bacteria. As a result,
this electrostatic interaction causes the displacement of di-
valent cations, Ca** and Mg**, from the negatively charged
phosphate groups (20). The displacement of Ca** and Mg**
causes the chemical destabilization of lipopolysaccharides
(LPS). This ultimately results in the increased permeability
of the cell membrane, which allows for the leakage of the
intracellular essential contents and finally leads to bacte-
rial cell death (21, 22). Except for the mentioned LPS-target
mechanism, no other killing mechanism of polymyxins
has been declared to date (19).

Polymyxins also exhibit anti-endotoxin properties and
exert this activity by binding with the outer membrane
constituent, lipopolysaccharide (also known as endotoxin)
of most Gram-negative bacteria and neutralizing its activ-
ity. Gram-negative bacteria possess endotoxins in their
lipid A portions of LPS; polymyxins interact with these LPS
molecules to finally neutralize (7). As the secondary mode
of action of polymyxins, they inhibit type INADH: quinone
oxidoreductase (NDH-2) in the inner membrane of Gram-
negative bacteria, which is a vital respiratory enzyme (23).

4. Pharmacokinetics of Polymyxins

Commercially, colistin is available in two forms, in-
cluding colistin sulfate for topical and oral uses and CMS
for parenteral and inhalation uses. Polymyxin B is com-
mercially available only for parenteral and intrathecal
uses. Polymyxins are not absorbed from the gastrointesti-
nal tract (7). Colistimethate sodium is the inactive form
of the drug with no antibacterial activity. By hydrolysis
in vivo, it is converted into its active form colistin with
32 different sulfomethylated derivatives (15). Polymyxin B
shows less inter-individual variability in plasma drug con-
centration and distributes well as an unbound form in the
liver, lung, heart, skeletal muscles, and kidneys (24). On the
other hand, colistin is poorly distributed to the pleural cav-
ity, lung parenchyma, bones, and cerebrospinal fluid (15%
to 25%) (25).
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Figure 1. The structures of colistimethate, colistin A and B, and polymyxin B1and B2

After an intravenous administration, the major por-
tion of CMS is eliminated as an unchanged form through
kidneys by glomerular filtration and active tubular secre-
tion (Figure 2) in the first 24 h (18). A recent study showed
that after an intravenous single administration of CMS,
70% of the CMS doses (1 million IU) were excreted in the
urine (26). In healthy individuals, only 20% to 25% of a
CMS dose is converted rapidly into active colistin through
hydrolysis in the plasma (15). In vivo, the renal clearance
of CMS depends on creatinine clearance but colistin clear-
ance does not depend on creatinine clearance (25). Exten-
sive renal tubular reabsorption causes less concentration
of colistin in urine. Relatively higher concentrations of
colistin are eliminated by nonrenal pathways with unclear
mechanisms (19, 25). The concentration of active colistin
in the urinary tract is relatively higher following an intra-
venous administration of CMS because profusely excreting
CMS is also converted into active colistin in the kidney (the
intensity of conversion is not yet established); it ultimately
increases the total concentration (through primary and
secondary concentration) of colistin in the urinary tract
(19, 25, 26). In renal impairment, the excretion of CMS by
kidneys is reduced and the major fraction of a CMS dose is
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converted into colistin with a more prolonged half-life (7).

On the other hand, polymyxin B is the active antibac-
terial form of the drug. Extensive renal tubular reabsorp-
tion of polymyxin B causes less residence time in kidneys,
fast turn back into the blood, and less concentration in
the urine; most of its elimination is through the nonrenal
pathway (Figure 3) (15). Polymyxin B accumulates substan-
tially in the heart, liver, kidneys, muscles, and lung tissues,
and it can only cross the blood-brain barrier in meningitis
(7).

Colistimethate sodium exhibits a very low level of
plasma protein binding whereas colistin and polymyxin B
possess up to 50% and 92.4% protein binding, respectively
(24, 25, 27). After an intravenous bolus administration of
CMS, the peak plasma level of colistin is attained within 10
minutes but it is declined relatively more rapidly (25). Af-
ter an intravenous administration, the serum half-life of
CMS is approximately 1.5 - 2 h while colistin shows an es-
timated serum half-life of 14.4 h (15, 19, 25). Polymyxin B1
represents the major characteristics of polymyxin B (28).
In both sound and impaired renal functions, polymyxin B
shows relatively similar age-dependent serum elimination
half-life (3.1to 13.6) and approximately 40% unbound drug
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concentration is maintained in plasma (24, 28-30).

5. Pharmacodynamics of Polymyxins

Polymyxins are usually inactive to Gram-positive bac-
teria and only show concentration-dependent bacterici-
dal activity against Gram-negative bacteria including MDR
bacteria (7). To date, clinical pharmacokinetic and phar-
macodynamic data of polymyxin B are limited compared
to colistin. Most of the pharmacodynamic studies of
polymyxins were in vitro studies where only colistin was
considered. In multiple in vitro studies, both polymyxin
B and colistin were found with potential antibacterial ac-
tivity against most isolates of E. coli, K. pneumonia, Acineto-
bacter spp. and P. aeruginosa at clinically achievable con-
centrations (MICqy) of <1 ug/mlL, <2 ug/mlL, < 2 ug/mlL,

and < 2 pg/mlL, respectively (3, 31-33). A study found
that colistin possesses a concentration-dependent rapid
killing property, but re-growth (within 3 h) and substan-
tial re-growth (within 24 h) of organisms occurs substan-
tially (31). Polymyxin B also shows a similar concentration-
dependent rapid killing property and the occurrence of re-
growth is also determined (34-36). Some current clinical
studies suggest that colistin shows limited efficacy against
most Gram-negative organisms in lung infections when
administered intravenously because of its high molecular
weightandrelatively higher water solubility thatinterrupt
its penetration into lung tissue and attainment of the re-
quired MIC (37, 38).

6. Toxicodynamics of Polymyxins

Most of the current studies show that nephrotoxicity
is the most common side effect, with a 60% incidence rate
associated with both colistin and polymyxin B following
intravenous administration (29, 39, 40). A study found
that within two days of initiation of polymyxins intra-
venous therapy, nephrotoxicity was a side effect with the
fastest onset and most of the nephrotoxicity cases were
recorded after 15 days of therapy (29). In comparison with
polymyxin B, colistin accumulates in the kidneys more.
A recent analytical study showed that nephrotoxicity oc-
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curs more frequently when colistin elicits Cg 5y (average
concentration achieved during a steady-state intermittent
dosing interval) level of more than 2.5 mg/L and CL; (cre-
atinine clearance) rate of more than 80 mL/min (41, 42).
Even nephrotoxicity may be developed with colistin at a
low plasma concentration (> 2.2 mgfL) (41). Therefore,
the toxicity of polymyxins, mostly nephrotoxicity, is a com-
mon incidence but, in most cases, it is a reversible phe-
nomenon (29, 40, 41).

7. Dosage, Minimum Inhibitory Concentration (MIC),
and Resistance Pattern of Polymyxins

In the United States, the recommended intravenous
dose of CMS for a person with 60 kg body weight is 6.67 to
13.3 mg per kg body weight per day in two to four divided
dosages. In the United Kingdom, the dose is 4 to 6 mg per
kg body weight per day in three divided dosages. For CMS,
the highest daily recommended intravenous dose varies
from 400 to 800 mg per day (14). Commercially, polymyxin
B is mostly available in the IU unit globally where 10,000
IU is equal to 1 mg and the recommended intravenous
dosage of polymyxin B is 1.5 to 2.5 mg per kg body weight
per day divided into two equal doses (7). Colistin shows
variable plasma drug concentrations in respect of time.
A recent study of 105 critically ill patients found that 50%
higher first intravenous dose of CMS produced a colistin
plasma concentration lower than colistin plasma concen-
tration at the steady-state gained after the fourth dose (43).
This is while with the recommended dose, polymyxin B
showed relatively more sustainable plasma drug concen-
tration than colistin (15).

The Clinical and Laboratory Standards Institute (CLSI)
recommends broth micro dilution (BMD) in their guide-
lines as the standard reference method for the determina-
tion of MICs of polymyxins where reference MICs for E. coli
and P. aeruginosa are 0.25 - 2 pg/mL and 0.5 - 4 ug/mL, re-
spectively, and the breakpoint MIC is > 2 pg/mL for Gram-
negative superbugs including A. baumannii (44). Recently,
the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) has recommended the new MIC (4 to 8
pg/mL)of colistin for a new strain of E. coli (45). The EUCAST
also recommends the MIC < 2 mg|L for A. baumannii, E. coli,
and K. pneumonia and MIC < 4 mg|L for P. aeruginosa (44).
A study under the SENTRY Antimicrobial Surveillance Pro-
gram (2006 to 2009) showed that polymyxin B had in vitro
characteristics similar to those of colistin against Gram-
negative bacteria and the resistance rates were only < 0.1% -
1.5% (46). However, over the last few decades, the resistance
trends have been increasing in an alarming rate among
the most common hospital and/or community pathogens
including Klebsiella pneumoniae, Acinetobacter baumannii,

Int ] Infect. 2019; 6(4):e96828.

multiple Pseudomonas spp., and Escherichia coli worldwide
(Table 1) (47-57); in some cases, carbapenems-resistant mi-
crobial isolates also showed resistance to polymyxins (47,
48), making such resistant organism-associated hospital
infections difficult-to-treat (Table 1) (47).

8. Rational Use of the Last Resort: Polymyxins

Globally, the threats of prevalent Gram-negative su-
perbugs are increasing day-by-day; simultaneously, the
scarcity of new effective antibiotics is a great concern in
the upcoming years (3). Although with limited compre-
hensive clinical data and some mega studies, polymyxins
are practically considered as the last resort antibiotics still
showing potentiality against Gram-negative bacteria (58).
The growing resistance mechanisms among these Gram-
negative bacteria are unprecedented, such as the case of
carbapenem-resistant New Delhi 5-lactamase (NDM }1 gen-
erating K. pneumonia spread to 40 countries within five
years from the date of its first detection in 2008 (59). Stud-
ies show that the irrational use of antibiotics not only
increases the rate of infection-associated mortality but
also increases the number of MDR bacteria (60, 61). One
surveillance report mentioned that sometimes clinicians
use all the last-line reserve group antibiotics inappropri-
ately, leading to the production of MDR bugs (46). Glob-
ally, the irrational use of polymyxins increases the number
of polymyxins-resistant Gram-negative bacteria and this is
nothing buta careless approach to the use of a few remain-
ing last-resort antibiotics (3). For example, in China, the
use of polymyxins is currently not available. In 2010, a na-
tional surveillance program was conducted in 129 hospi-
tals in China where and it was reported that the suscepti-
bility rates of P. aeruginosa and A. baumannii to polymyxin
B are 96.4% and 97.2%, respectively (3). Injudicious initi-
ation of antibiotics and inappropriate adjustment of an-
tibiotic dosages in renally impaired patients have led to
the emergence of resistance, which ultimately results in
therapeutic failure and fatal toxicities in patients (62). A
review study emphasized the intelligent use of polymyx-
ins based on adequate pharmacokinetic and pharmaco-
dynamic knowledge to keep the antibacterial potentiality
of polymyxins against superbugs (63). In this alarming
situation, the use of polymyxin-based combination thera-
pies in moderate-to-severe infections may be an effective
approach to reduce the prevalence of resistance in Gram-
negative bacteria and optimize the therapeutic outcomes
of anti-bacterial therapies. The research found a signif-
icant synergistic response for polymyxins when used in
combination with carbapenems against MDR organisms
(64). Though polymyxins have limited comprehensive
clinical data, the irrational use of polymyxins, either as
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Table 1. Polymyxin B and Colistin Resistance Rate in Common Microbial Isolates (47-57)

Klebsiella pneumoniae Acinetobacter baumannii Escherichia coli Pseudomonas spp.
Antibiotics
CS, % CR, % CS, % CR, % CS, % CR, % CS, % CR, %
Polymyxin B <5 6.8-35.5 3 Insufficient data 73 5.7 1.7 Insufficient data
Colistin 15-6.8 13-31.4 0-6.45 4.4 0.5-11 Insufficient data 2 Insufficient data

Abbreviations: CR, carbapenem-resistant; CS, carbapenem-sensitive.

monotherapy or combination therapy, the goal of the ther-
apy will not be attained, and the superbugs’ resistance sce-
narios will be more appalling in the nearest future (58, 63,
64).

9. Therapeutic Specification of Polymyxins

Colistin is mostly accumulated in urine whereas
polymyxin B is accumulated relatively more in the blood-
stream (19, 65). Studies showed that in the intravenous
colistin administration in patients with healthy renal
function, the targeted serum colistin concentration was
not fully attained or sustained for a desirable period
because of the high rate of CMS elimination through the
kidneys in the early hours of dose administration (43, 66).
On the other hand, serum polymyxin B concentration was
not deviated from the targeted serum level in patients
with impaired or healthy renal function because of its
direct active form and non-renal excretion property (30,
67). A large pharmacokinetic study was conducted to
determine the actual serum colistin steady-state con-
centration and researchers estimated the serum colistin
steady-state concentration of 2.5 mg|L to an area under the
curve (AUC) of 60 mg X h/L (43). The study also found that
the usual colistin dosage regimen yielded sufficient serum
colistin concentration with a MIC of < 1 y/mL, which is
inadequate to treat moderate-to severe-infections caused
by A. baumannii. However, if a MIC of > 1 y/mL is needed to
maintain to treat infections caused by A. haumannii, then it
would require a double dosage regimen of colistin, which
would enhance the risk of nephrotoxicity (43). Another
study was conducted on patients with MDR Gram-negative
bacterial infections to administer CMS intravenously. After
the analysis of urine samples at different time intervals,
researchers found a high urinary concentration (up to 95.4
mg/L) of colistin in early hours (68). In 2013, a population
PK analysis of polymyxin B on 24 patients was conducted
where the authors used Monte Carlo analysis to establish
a correlation between the dosage regimen and the achiev-
able target of fAUC:MIC (30). Finally, research showed
that a total dose of 3 mg/kg body weight (30,000 IU/kg
body weight) daily maintenance can produce a MIC of < 1
w/mL in the blood, while it is active against A. baumanni;

but if a MIC of > 1 u/mL is necessary to treat infections
caused by A. baumannii, a double dosage regimen than the
recommended dose is required; though polymyxin B is
accumulated less than colistin in kidneys, nephrotoxicity
is not a prime concern for polymyxin B (30, 41, 42, 67).

In a multi-center phase II clinical study with patients
suffering from serious bloodstream infections due to XDR
Gram-negative bacteria, 78.1% of the total patients were
successfully treated with polymyxin B (69). In the same
study, researchers assumed that colistin should be consid-
ered for urinary tract infections instead of polymyxin B be-
cause of the colistin’s comparatively higher concentration
in urine after the recommended dosage, which is sufficient
to maintain the targeted MIC sustainably in the urinary
tract for a longer period (19, 69). Another large prospec-
tive cohort study was conducted only on patients (55% of
whom aged > 60 years) with moderate to severe urinary
tract infections; they were successfully treated with col-
istin monotherapy with a cure rate of 80% (70).

Therefore, from the above multi-clinical evidence-
based discussions, a strong opinion can be evolved easily
in the context of the rational use of polymyxin B and col-
istin; that is, in order to optimize the therapeutic effective-
ness of reserve polymyxins antibiotics, their therapeutic
selection should be infection site-specific considering all
their PK and PD characteristics and based on recent clini-
cal evidence. The use of polymyxins should be rationalized
always focusing on the optimized therapeutic outcomes.
Though the therapeutic indications of polymyxin are well
recommended notwithstanding, concerning the PK and
PD characteristics of polymyxin B and colistin, we suggest
that polymyxin B be specified mostly in bloodstream infec-
tions whereas colistin be specified mostly in urinary tract
infections caused by MDR Gram-negative bacteria. This in-
telligent therapeutic specification technique may predom-
inantly enhance the therapeutic potentiality of polymyx-
ins in life-threatening MDR Gram-negative bacterial infec-
tions; it can also be effective in slowing down the emer-
gence of polymyxin resistance.
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10. Conclusions

Nowadays, the tremendous rate of increasing antibi-
otic resistance among MDR Gram-negative bacteria is a
threat to global human health. At present, a few antibi-
otics including polymyxins are still showing effectiveness
against these MDR Gram-negative bacteria. The rational
use of last resort polymyxin B and colistin is highly re-
quired at this moment. The comprehensive PK and PD
data of polymyxin B and colistin strongly assume the
possibility of achieving optimum therapeutic outcomes
with the therapeutic specifications of polymyxin B and
colistin for MDR Gram-negative bacteria-associated blood-
stream infections and urinary tract infections, respec-
tively. This intelligent attempt may reduce the evolvement
of polymyxin resistance among Gram-negative bacteria.
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