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Abstract

Colistin is an old antibiotic, which is abandoned decades ago because of high nephrotoxicity rates. However, it is reintroduced to
clinical medicine due to lack of newly discovered antibiotics and is still widely used for the treatment of resistant gram-negative
infections. Discovering mechanisms to reduce nephrotoxicity risk is of significant importance since exposed patients may have
many other factors that alter kidney functions. Several agents were evaluated in animal models of colistin nephrotoxicity as a
means to prevent kidney injury. Considerable heterogeneity exists in terms of reporting colistin dosing and experimental designs.
This issue leads clinicians to face difficulties in designing studies and sometimes may lead to report dosing strategies inade-
quately. Here, we present a review according to animal models of colistin nephrotoxicity using data gathered from previous
experiments to draw attention on possible complexities that researchers may encounter.
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Introduction

Polymyxins are a separate class of antibiotics discovered in
1950s for the treatment of gram-negative infections [1].
Various forms used in different countries include polymyxin
B and colistin (polymyxin E). Although they have similar
chemical structures and mechanisms of action, pharmacoki-
netics and pharmacodynamics differ considerably between
two forms. Colistin was removed from the market because
of significant nephrotoxicity [2]. Yet, lack of newly discov-
ered antimicrobial agents lead to reintroducing colistin to the
clinical practice. Colistin is now used as the last-line treatment
of resistant gram-negative bacterial infections including
Acinetobacter baumannii, Pseudomonas aeruginosa, and
Klebsiella pneumoniae. Infections with these species com-
prise a considerable percent of mortality in critically ill
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patients. This explains why colistin is still widely used despite
significant nephrotoxicity risk.

Most of previous animal models were performed using
colistin rather than polymyxin B. Here, we present literature
data regarding to animal models of colistin nephrotoxicity
most of which were designed to test efficiency of various
agents against kidney injury.

Colistin formulations

Various colistin formulations are available in clinical practice.
Colistimethate sodium (CMS) is a nonactive prodrug and fol-
lowing administration it converses to the active form—colis-
tin—endogenously [3]. Although different brands of CMS
from various parts of the world have similar elemental com-
positions, they lead to different exposures to the microbiolog-
ically active formed colistin [4]. A more important issue is
reporting the administered colistin dose. There is an extensive
variability between studies in terms of reporting colistin dos-
ing, and inconsistency with current dose conversion recom-
mendations was determined in 29% of papers [5].

One milligram of colistin base is contained in 2.4 mg of
CMS, and CMS has a potency of 12,500 IU/mg. Use of inter-
national units rather than milligrams was highly suggested to
use correct dosing and avoid confusion [6]. However,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10096-019-03546-7&domain=pdf
http://orcid.org/0000-0001-7903-1106
mailto:heybelic@hotmail.com

1388

Eur J Clin Microbiol Infect Dis (2019) 38:1387-1393

confusion still may exist since there are many formulations
and units [7]. Dosing information is expressed in terms of
colistin base in some countries. Clearly, there is a multiplicity
in expressing colistin doses around the world. This issue was
discussed at the “First International Conference on
Polymyxins” in 2013 by international leaders in the field
and the “Prato Polymyxin Consensus” was released [8].
Experts concluded that the major problem relating to colistin
dosing was because of confusing terminology used in articles
published in journals, and they recommended that an equiva-
lence between the two primary conventions (e.g., 1 million IU
is equivalent to approximately 30 mg of colistin base activity)
should be provided in the “Materials and methods” section. It
was stated that in other parts of the article (e.g., Introduction,
Results, Discussion), authors and journals should cease
reporting doses in terms of milligrams of CMS, and colistin
doses should be expressed in terms of the primary convention
used in the region of the world where the study was performed
(i.e., number of TU or milligrams of colistin base activity).

Great care is needed while reporting doses and formula-
tions used in studies. For instance, in several papers, it was
suggested that colistin was prescribed to rats in a dose of
450.000 IU/kg/day. The formulation they used is actually
CMS, rather than colistin and the dose 450.000 1U/kg/day
equals to 36 mg/kg/day of CMS. If the dose is to be expressed
for colistin, it should be 15 mg/kg/day which equals to
36 mg/kg/day of CMS. This may lead to mistakenly prescribe
2.4 times the intended colistin dose. Similar confusions lead to
patient death and alerts were given to prevent serious medica-
tion errors [9].

Mechanisms of nephrotoxicity

CMS is filtered by glomerulus and secreted by tubules. It is
predominantly cleared by the kidneys. However, most of co-
listin that is generated by CMS endogenously that is filtered
into tubular urine is reabsorbed [3]. Indeed, the fraction of
filtered colistin that undergoes reabsorption is comparable
to, or greater than, the fractional reabsorption of filtered water,
consistent with the reabsorption of colistin involving a carrier-
mediated process.

In rats administered colistin (sulfate) intravenously twice
daily for 7 days, the ratio of the average concentration of
colistin in kidney homogenate to that in plasma after the final
dose was 65.7. The ratios for kidney were substantially higher
than those for the heart, lung, liver, spleen, and muscle.
Immunostaining studies of sections of rodent kidneys from
animals treated with polymyxin B have shown that accumu-
lation occurs predominantly in the renal cortex, and more
specifically within proximal tubular cells [10] where trans-
porters that have tendency to bind polymyxins reside [3].
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Since colistin has cationic polypeptides, it interacts with
anionic structures in tubular cell membrane leading to in-
creased permeability and cell lysis. This mechanism also rep-
resents the antimicrobial activity of the drug. Cationic mole-
cules inside the drug lead to detachment of bacterial mem-
brane via interacting with anionic lipopolysaccharide mole-
cules in the outer membrane of gram-negative bacteria [11].
Other mechanisms of nephrotoxicity include apoptosis [12,
13], altered nitric oxide balance [14, 15], mitochondrial dys-
function [16], and oxidative stress [17, 18]. In proximal tubu-
lar cell culture colistin downregulated P-glycoprotein expres-
sion in proximal tubular epithelial cells and caused nephrotox-
icity [19]. Using P-glycoprotein inducers altered nephrotoxi-
city. Megalin, an endocytic receptor expressed at the apical
membranes of proximal tubules and mediates nephrotoxicity
of aminoglycosides, was also studied in colistin exposed mice,
and megalin knockout mice treated with colistin were free of
renal tubular injury while megalin-replete proximal tubule ep-
ithelial cells exhibited signs of injury [20]. In addition,
colistin-induced nephrotoxicity was prevented using
silastatin, an agent that blocks megalin. Coadministration of
megalin ligands and colistin resulted in urinary N-acetyl-(3-D-
glucosaminidase (NAG) excretion [21]. These findings
highlighted the role of tubular transport mechanisms on
colistin-induced nephrotoxicity.

Based on these observations, many agents with anti-
oxidative effects were used experimentally to prevent nephro-
toxicity following colistin administration [15, 17, 18, 22-33].

Animals

Previous researches were performed using various mice
strains, Wistar rats or Sprague-Dawley rats. There is no data
to suggest particular genre of animal to use while performing
study about colistin nephrotoxicity. More sophisticated
methods are needed to analyze blood biochemistry in mice
since much lower amount of blood is gathered. Because
Wistar rats have better vasculature, studies about stroke or
ischemic conditions are better performed in these types of rats
[34]. Wistar rats also have more superficial glomeruli [35].
The significance of these structural differences in terms of
designing colistin nephrotoxicity model is not studied.

In researches where rats were used, almost all animals were
male while authors used female Sprague-Dawley rats in a
study [29]. On the other hand, studies differed for animal
gender where mice were used. There is no clear data to sup-
port use of a particular gender of animal. Although female
mice are generally more resistant to ischemic acute kidney
injury than males, they are more prone to develop acute kid-
ney injury following cisplatin administration [36]. Animal age
is another factor that may affect kidney injury. For instance,
ischemic acute kidney injury is affected by the animal age in
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mice. Yet, animals with similar ages should be used in colistin
nephrotoxicity model [36].

Differences between animals in terms of activity and be-
havior may also be of particular importance in nephrotoxicity
models. Mice are more active during the night so they con-
sume more water at the dark period of light-dark cycle. So,
mice housed under 12:12-h light-dark cycle are more volume
depleted in the afternoon than in the morning [36]. Although
this is the case for particularly ischemia experiments, the same
may be valid for nephrotoxic injury models. Ideally, weights
of animals should be evaluated in a daily basis. Equal total
volumes should be prescribed to all groups to better prevent
effects of volume disturbances on organ functions. Rate of
metabolism of an animal’s system can also induce or minimize
toxicity [37].

Route of administration and dosing

Since oral bioavailability of colistin is very poor [38], it is
administered parenterally. Complications may be observed
following parenteral drug administration including local irri-
tation, pain, infection, and damage to the surrounding tissue.
Every route has its particular advantages and drawbacks [37].
Intramuscular administration can lead to muscle necrosis and
inflammation of the nerves. It is also hard to use and needs
experience. Asepsis is critical if intravenous route is to be used
to prevent possible septicemia. Agents may precipitate follow-
ing mixing with blood and cause vascular occlusion. Jugular
venous catheter may be required for repeated intravenous drug
delivery.

The most frequently used route of administration in previ-
ous colistin nephrotoxicity models was intraperitoneal.
Intraperitoneal administration is simple and does not require
sedation; however, care should be taken against peritonitis
development. Although it is easy to deliver drugs intraperito-
neally, accuracy of administration is not clear. Materials can
be injected in gastrointestinal tract, subcutaneously, retroperi-
toneally, or into the bladder [39]. Preliminary dosing strategies
maybe helpful in both determining colistin dose and also dose
and timing of the drug which is used for the prevention.

Based on dosing used in previous researches, it seems that
Sprague-Dawley rats are more susceptible to renal injury of
colistin compared to Wistar rats. The most frequently used
amount of CMS was 300.000 IU/kg/day for the former [14,
32], while higher doses were needed for the latter rats [28].

Previous reports showed that the dose used in preliminary
study maybe low that no kidney injury can be established
histologically. The dose can also be high leading to altered
vital signs of animals. Although nephrotoxicity is a well-
known side effect of colistin, neurotoxicity may also be subtle
leading to dose reductions in experimental models. Keirstead
et al. observed decreased motor activity, cyanosis, and cold

extremities in rats following intravenous colistin administra-
tion in their preliminary work [40]. This observation leads to
authors to change the route of administration and use colistin
subcutaneously. Dosing strategies used in experimental colis-
tin nephrotoxicity models is presented in (Table 1).

Volume of total drug to be administered is of significant
importance. Total volume administered should be kept mini-
mum to avoid hypervolemia. General suggestions for volume
and sites of routes are as follows [41]: intraperitoneally
10 mL/kg, intravenous up to 5 mL/kg (bolus) (tail or saphe-
nous vein), intramuscular maximum of 0.05 mL/kg per site
(triceps, quadriceps, dorsal lumbar, semimembranosus,
semitendinosus muscles), and subcutaneous maximum of
5 mL/kg per site (intrascapular, neck, shoulder, flank).
Smaller volumes over multiple injection sites minimize ad-
verse reactions and can be used in subcutaneous or intramus-
cular drug administration. It is possible to give colistin within
these cut-off levels for maximal volume of materials to be
administered.

Duration of treatment and determination
of nephrotoxicity

Animal models are of significant importance since they let
researchers clarify disease pathogenesis using methods that
are not suitable to perform on human subjects. However, ex-
periments should have reproducibility and validation criteria
should be better used when designing an experiment on ani-
mal models. For instance, to study a diabetic nephropathy in
mice, one should know that there are functional and histopath-
ological properties expected to be observed [42].

Kidney biopsy is not routinely performed for patients under
colistin treatment. Up to now, models were set on the basis of
administering colistin in a daily basis resulting with biochem-
ical and histological signs of nephrotoxicity.

Colistin nephrotoxicity is dose dependent and is reversible
following drug cessation [43]. Studies in human reveal that
median time to acute kidney injury is 3 days [44]. It is also
suggested that nephrotoxicity occurs in the first 5 to 7 days of
drug commencement [45]. Colistin was administered for 6 to
14 days in different experiments. Histological findings of
nephrotoxicity were established in all these papers while some
of them revealed abnormalities in biochemical markers of kid-
ney injury. In the study of Hakim et al., colistin did not exert
histologically detectable kidney damage following 15 days of
administration [46]. However, they used CMS in a dose of
300,000 IU/kg/day intramuscularly, a dose that was signifi-
cantly lower than the dose used in more recent experiments
performed in Wistar rats. In addition, how histological exam-
ination was evaluated and graded was not reported in detail.

Experimental studies showed that serum creatinine is not
sensitive enough to show toxicity especially in first days of
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treatment [27]. Various urinary kidney injury biomarkers
started to increase in day 2 in Wistar rats following the first
subcutaneous colistin dosing in the study of Keirstead and
colleagues [40]. Urine was collected from animals follow-
ing housing in metabolic cages for 6 h of a 24-h cycle.
Authors performed an extensive analysis of up-to-date uri-
nary biomarkers including kidney injury molecule-1 (KIM-
1) and neutrophil gelatinase-associated lipocalin (NGAL).
Sensitivity of serum creatinine for the diagnosis of kidney
injury in colistin-treated rats was 88.8%, while KIM-1 and
alpha-glutathione S-transferase showed 100% predictive
sensitivity. One of the conclusions authors made was that
these urinary kidney injury biomarkers are highly sensitive
and can be used to differentiate between polymyxin analogs
with varying nephrotoxicity.

Ghlissi and colleagues concluded that plasma cycstatin C is
more reliable than plasma creatinine to establish kidney injury
and urinary NGAL was the most sensitive marker according
to their research [47]. Yet, authors stated that histopathologic
assessment remained the most accurate method to detect
nephrotoxicity.

Most previous reports still reveal that histological eval-
uation is the most sensitive way of determining kidney
injury since many authors could not observe a significant
increase in serum creatinine and urinary biomarkers were
not measured in most of them. Semiquantitative score
(SQS) is the most frequently used histological scoring sys-
tem in previous experimental studies on colistin nephrotox-
icity. Histopathological evaluation is performed as grade 1,
mild acute tubular damage with tubular dilation, prominent
nuclei, and a few pale tubular casts; grade 2, severe acute
tubular damage with necrosis of tubular epithelial cells and
numerous tubular casts; and grade 3, acute cortical
necrosis/infarction of tubules and glomeruli with or with-
out papillary necrosis. The grades are scored as grade 1=
1, grade 2=4, and grade 3 =10. The percentages of the
kidney slices affected are scored as <1% =0, 1 to <
5%=1,5to <10%=2, 10 to <20% =3, 20 to <30% =
4, 30 to <40% =5, and >40% = 6. The overall score is
calculated as the product of percentage score and grade
score. Finally, a semiquantitative score (SQS) for renal his-
tological changes is assigned as follows: SQS 0=no sig-
nificant change (overall score, <1); SQS + 1 =mild dam-
age (overall score, 1 to <15); SQS + 2 =mild to moderate
damage (overall score, 15 to <30); SQS + 3 =moderate
damage (overall score, 30 to <45); SQS +4 =moderate
to severe damage (overall score, 45 to <60); and SQS +
5 =severe damage (overall score, 60).

SQS seems to be convenient and applicable for nephrotox-
icity determination and grading in animal models of colistin
nephrotoxicity. Ideally, electron microscopic evaluation
should be routine part of the histological evaluation to increase
sensitivity for detection of renal injury.

Designing control groups and efficient
preventive agents

Previous researches were set as to have usually four groups as
follows: group 1 = colistin, group 2 = preventive agent + co-
listin, group 3 = preventive agent and, group 4 = control
group. Sodium chloride (0.9%) is usually administered to con-
trol groups. Preventive agents were given usually 20 min to
4 h prior to colistin (Table 1). Experiments can be designed in
more than four groups with different dose ranges [24], while
the protocol was set in three groups in several papers [14, 29].

Although many studies established the protective roles of
various agents against colistin nephrotoxicity, only few
searched pharmacokinetic interactions between the agent used
for prevention and colistin. This issue may be of considerable
value to identify unpredictable drug toxicity or colistin
underdosing. This is discussed in some of previous papers.
Sivanesan and colleagues determined the nephrotoxicity via
only SQS without measuring kidney injury markers in blood
or urine samples [31]. However, they used rats also to search
how the protective agent (gelofusine) affects colistin pharma-
cokinetics. They extensively studied pharmacokinetic param-
eters including clearance, volume of distribution, elimination
half-life, area under the curve, urinary recovery of the un-
changed colistin, renal clearance, and plasma protein binding.
It was concluded that gelofusine significantly lowered the ac-
cumulation of colistin in kidneys of mice and its administra-
tion did not alter colistin pharmacokinetics in rats. In the study
of Yousef et al., authors found a significant pharmacokinetic
interaction between ascorbic acid and colistin despite ascorbic
acid reduced colistin exposure of renal tubules [33].

Anesthesia

Previous studies in colistin nephrotoxicity frequently used ke-
tamine and xylazine for anesthesia (Table 1). Anesthesia is
used only prior to sacrification in many of these researches.
Type of anesthesia maybe of importance if blood is to be taken
days before sacrification. For instance, isoflurane has been
shown to have nephroprotective effects. Use of isoflurane an-
esthesia in the middle of the experiment for drawing blood
may exert nephroprotective effects in the remaining time of
the protocol [48].

Wei and colleagues reported mortality following ketamine-
xylazine anesthesia and authors stated that phenobarbital may
lead to mortality occasionally if the dosage is not well con-
trolled [49].

Yet, in these experiments, type of anesthesia was of signif-
icance value to provide enough time for surgical procedures
without compromising organ functions and vital signs. This is
not the case in colistin nephrotoxicity models. Currently,
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ketamine and xylazine seem to be enough for anesthesia in
colistin nephrotoxicity models.

Conclusion

Much work is needed in the field of colistin nephrotoxicity.
Previous preclinical study designs in acute kidney injury were
criticized for lack of reproducibility and transparency (no mor-
tality reports), reporting only positive outcomes and no docu-
mentation that the investigators were fully blinded to treat-
ment groups and statistical power [50]. These considerations
should also be taken into account prior to designing an exper-
imental study about colistin nephrotoxicity. Several authors
were able to design colistin nephrotoxicity model more than
once with similar experimental protocols [24, 33].

It seems that colistin will still be used for a considerable
length of time particularly in critically ill patients since it has
no alternative. So, special approaches that may alter nephro-
toxicity rates even mildly should be established. Animal stud-
ies are important in understanding pathophysiological path-
ways of human diseases. However, well-described standard-
ized validation criteria must be set to allow reproducibility,
reduce cost, and stop time-wasting. There is no validation on
methods of developing experimental colistin nephrotoxicity
model. Yet, it seems prudent to perform a preliminary research
to determine the most ideal colistin dosing strategy for partic-
ular routes of administration. Although histology is
indispensible for assessing nephrotoxicity, next-generation
urinary biomarkers are quite sensitive and applicable.
Authors should comply with recommendations in terms of
reporting colistin dosing [8].

Author contributions Conception and Design: CH.
Analysis and interpretation of data: CH, MAO.
Drafting the work or revising it critically for important intellectual
content: CH, MAO.
Final approval of the version to be published: CH, MAO, ZC.
Supervision: ZC.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Tran TB, Velkov T, Nation RL et al (2016) Pharmacokinetics/
pharmacodynamics of colistin and polymyxin B: are we there
yet? Int J Antimicrob Agents 48:592

2. Ordooei Javan A, Shokouhi S, Sahraei Z (2015) A review on co-
listin nephrotoxicity. Eur J Clin Pharmacol 71(7):801-810. https://
doi.org/10.1007/500228-015-1865-4

3. Zavascki AP, Nation RL (2017) Nephrotoxicity of polymyxins: is
there any difference between colistimethate and polymyxin B?

@ Springer

13.

14.

15.

16.

17.

18.

19.

20.

21.

Antimicrob Agents Chemother 61(3):¢02319-e02316. Published
2017 Feb 23. https://doi.org/10.1128/AAC.02319-16

He H, Li JC, Nation RL et al (2013) Pharmacokinetics of four
different brands of colistimethate and formed colistin in rats. J
Antimicrob Chemother 68(10):2311-2317

Gauthier TP, Lantz E, Frederick C, Masmouei H, Ruiz-Serrano L,
Smith L, Wolowich WR, Abbo LM (2014) Variability within inves-
tigations of intravenous colistin: the scope of the problem. Clin
Infect Dis 58(9):1340—1342. https://doi.org/10.1093/cid/ciu061
Falagas ME, Kasiakou SK (2006) Use of international units when
dosing colistin will help decrease confusion related to various for-
mulations of the drug around the world. Antimicrob Agents
Chemother 50(6):2274-2275

LiJ, Nation RL, Turnidge JD (2006) Defining the dosage units for
colistin methanesulfonate: urgent need for international harmoniza-
tion. Antimicrob Agents Chemother 50(12):4231 author reply
42312

Nation RL, LiJ, Cars O, Couet W, Dudley MN, Kaye KS, Mouton
JW, Paterson DL, Tam VH, Theuretzbacher U, Tsuji BT, Turidge
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

American Society of Health System Pharmacists. Warning! Dosing
confusion with colistimethate for injection. Available at: http:/
www.ashp.org/DocLibrary/Policy/PatientSafety/NANAlert-
Colistimethatesodium.aspx. Accessed 30 December 2018.

Yun B, Azad MA, Wang J et al (2014) Imaging the distribution of
polymyxins in the kidney. J Antimicrob Chemother 70(3):827-829
Gupta S, Govil D, Kakar PN et al (2009) Colistin and polymyxin B:
a re-emergence. Indian J Crit Care Med 13(2):49-53

Eadon MT, Hack BK, Alexander JJ, Xu C, Dolan ME,
Cunningham PN (2013) Cell cycle arrest in a model of colistin
nephrotoxicity. Physiol Genomics 45(19):877-888

Azad MA, Finnin BA, Poudyal A et al (2013) Polymyxin B induces
apoptosis in kidney proximal tubular cells. Antimicrob Agents
Chemother 57(9):4329-4335

Ozkan G, Ulusoy S, Orem A et al (2013) How does colistin-
induced nephropathy develop and can it be treated? Antimicrob
Agents Chemother 57(8):3463-3469

Ceylan B, Ozansoy M, Kilig U et al (2018) N-acetylcysteine sup-
presses colistimethate sodium-induced nephrotoxicity via activa-
tion of SOD2, eNOS, and MMP3 protein expressions. Ren Fail
40(1):423-434

Dai C, Li J, Tang S, Li J, Xiao X (2014) Colistin-induced nephro-
toxicity in mice involves the mitochondrial, death receptor, and
endoplasmic reticulum pathways. Antimicrob Agents Chemother
58(7):4075-4085

Dai C, Tang S, Deng S et al (2014) Lycopene attenuates colistin-
induced nephrotoxicity in mice via activation of the Nrf2/HO-1
pathway. Antimicrob Agents Chemother 59(1):579-585

Dai C, Tang S, Wang Y, Velkov T, Xiao X (2017) Baicalein acts as a
nephroprotectant that ameliorates colistin-induced nephrotoxicity
by activating the antioxidant defence mechanism of the kidneys
and down-regulating the inflammatory response. J Antimicrob
Chemother 72(9):2562-2569

Lee SH, Kim JS, Ravichandran K, Gil HW, Song HY, Hong SY
(2015) P-glycoprotein induction ameliorates colistin induced neph-
rotoxicity in cultured human proximal tubular cells. PLoS One
10(8):e0136075. Published 2015 Aug 19. https://doi.org/10.1371/
journal.pone.0136075

Hori Y, Aoki N, Kuwahara S et al (2017) Megalin blockade with
cilastatin suppresses drug-induced nephrotoxicity. J Am Soc
Nephrol 28(6):1783-1791

Suzuki T, Yamaguchi H, Ogura J, Kobayashi M, Yamada T, Iseki K
(2013) Megalin contributes to kidney accumulation and nephrotox-
icity of colistin. Antimicrob Agents Chemother 57(12):6319-6324


https://doi.org/10.1007/s00228-015-1865-4
https://doi.org/10.1007/s00228-015-1865-4
https://doi.org/10.1128/AAC.02319-16
https://doi.org/10.1093/cid/ciu061
https://doi.org/10.1093/cid/cit680
http://www.ashp.org/DocLibrary/Policy/PatientSafety/NANAlert-Colistimethatesodium.aspx
http://www.ashp.org/DocLibrary/Policy/PatientSafety/NANAlert-Colistimethatesodium.aspx
http://www.ashp.org/DocLibrary/Policy/PatientSafety/NANAlert-Colistimethatesodium.aspx
https://doi.org/10.1371/journal.pone.0136075
https://doi.org/10.1371/journal.pone.0136075

Eur J Clin Microbiol Infect Dis (2019) 38:1387-1393

1393

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

Heidari R, Behnamrad S, Khodami Z, Ommati MM, Azarpira N,
Vazin A (2019) The nephroprotective properties of taurine in
colistin-treated mice is mediated through the regulation of mito-
chondrial function and mitigation of oxidative stress. Biomed
Pharmacother 109:103—111. https://doi.org/10.1016/j.biopha.
2018.10.093

Hanedan B, Ozkaraca M, Kirbas A, Kandemir FM, Aktas MS, Kilic
K, Comakli S, Kucukler S, Bilgili A (2018) Investigation of the
effects of hesperidin and chrysin on renal injury induced by colistin
in rats. Biomed Pharmacother 108:1607—1616. https://doi.org/10.
1016/j.biopha.2018.10.001

Ghlissi Z, Hakim A, Mnif H, Zeghal K, Rebai T, Boudawara T,
Sahnoun Z (2018) Combined use of vitamins E and C improve
nephrotoxicity induced by colistin in rats. Saudi J Kidney Dis
Transpl 29(3):545-553. https://doi.org/10.4103/1319-2442.235168
Talih G, Esmaoglu A, Bayram A, Yazici C, Deniz K, Talih T (2018)
Does dexmedetomidine prevent colistin nephrotoxicity? Rev Bras
Anestesiol 68(4):383-387. https://doi.org/10.1016/j.bjan.2018.01.
017

Azad MAK, Sivanesan S, Wang J et al (2017) Methionine amelio-
rates polymyxin-induced nephrotoxicity by attenuating cellular ox-
idative stress. Antimicrob Agents Chemother 62(1):e01254—
¢01217. https://doi.org/10.1128/AAC.01254-17

Arslan BY, Arslan F, Erkalp K, Alagol A, Sevdi MS, Yildiz G,
Kiiciik SH, Altinay S (2016) Luteolin ameliorates colistin-induced
nephrotoxicity in the rat models. Ren Fail 38(10):1735-1740.
https://doi.org/10.1080/0886022X.2016.1229995

Ghlissi Z, Hakim A, Sila A, Mnif H, Zeghal K, Rebai T, Bougatef
A, Sahnoun Z (2014) Evaluation of efficacy of natural astaxanthin
and vitamin E in prevention of colistin-induced nephrotoxicity in
the rat model. Environ Toxicol Pharmacol 37(3):960-966. https://
doi.org/10.1016/j.etap.2014.03.004

Ozyilmaz E, Ebinc FA, Derici U, Gulbahar O, Goktas G, Elmas C,
Oguzulgen IK, Sindel S (2011) Could nephrotoxicity due to colistin
be ameliorated with the use of N-acetylcysteine? Intensive Care
Med 37(1):141-146. https://doi.org/10.1007/s00134-010-2038-7
Edrees NE, Galal AAA, Abdel Monaem AR, Beheiry RR,
Metwally MMM (2018) Curcumin alleviates colistin-induced
nephrotoxicity and neurotoxicity in rats via attenuation of oxidative
stress, inflammation and apoptosis. Chem Biol Interact 294:56—64.
https://doi.org/10.1016/j.cbi.2018.08.012

Sivanesan SS, Azad MAK, Schneider EK et al (2017) Gelofusine
ameliorates colistin-induced nephrotoxicity. Antimicrob Agents
Chemother 61(12):¢00985—-¢00917. Published 2017 Nov 22.
https://doi.org/10.1128/AAC.00985-17

Yousef JM, Chen G, Hill PA, Nation RL, Li J (2011) Melatonin
attenuates colistin-induced nephrotoxicity in rats. Antimicrob
Agents Chemother 55(9):4044—4049

Yousef JM, Chen G, Hill PA, Nation RL, Li J (2011) Ascorbic acid
protects against the nephrotoxicity and apoptosis caused by colistin
and affects its pharmacokinetics. J Antimicrob Chemother 67(2):
452-459

Fluri F, Schuhmann MK, Kleinschnitz C (2015) Animal models of
ischemic stroke and their application in clinical research. Drug Des
Devel Ther 9:3445-3454. Published 2015 Jul 2. https://doi.org/10.
2147/DDDT.S56071

Hackbarth H, Biittner D, Jarck D, Pothmann M, Messow C, Gértner
K (1983) Distribution of glomeruli in the renal cortex of Munich
Wistar Fromter (MWF) rats. Ren Physiol 6(2):63-71

Wei Q, Wang MH, Dong Z (2005) Differential gender differences in
ischemic and nephrotoxic acute renal failure. Am J Nephrol 25:
491-499

Turner PV, Brabb T, Pekow C, Vasbinder MA (2011)
Administration of substances to laboratory animals: routes of ad-
ministration and factors to consider. ] Am Assoc Lab Anim Sci
50(5):600-613

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Gurjar M (2015) Colistin for lung infection: an update. J Intensive
Care 3(1):3. https://doi.org/10.1186/s40560-015-0072-9

Lewis RE, Kunz AL, Bell RE (1966) Error of intraperitoneal injec-
tions in rats. Lab Anim Care 16:505-509

Keirstead ND, Wagoner MP, Bentley P, Blais M, Brown C,
Cheatham L, Ciaccio P, Dragan Y, Ferguson D, Fikes J, Galvin
M, Gupta A, Hale M, Johnson N, Luo W, McGrath F, Pietras M,
Price S, Sathe AG, Sasaki JC, Snow D, Walsky RL, Kern G (2014)
Early prediction of polymyxin-induced nephrotoxicity with next-
generation urinary kidney injury biomarkers. Toxicol Sci 137(2):
278-291. https://doi.org/10.1093/toxsci/kft247

Morton DB, Jennings M, Buckwell A, Ewbank R, Godfrey C,
Holgate B, Inglis I, James R, Page C, Sharman I, Verschoyle R,
Westall L, Wilson AB, Joint Working Group on Refinement (2001)
Refining procedures for the administration of substances. Report of
the BVAAWF/FRAME/RSPCA/UFAW Joint Working Group on
Refinement. British Veterinary Association Animal Welfare
Foundation/Fund for the Replacement of Animals in Medical
Experiments/Royal Society for the Prevention of Cruelty to
Animals/Universities Federation for Animal Welfare. Lab Anim
35:1-41

Azushima K, Gurley SB, Coffman TM (2018) Modelling diabetic
nephropathy in mice. Nat Rev Nephrol 14(1):48-56. https://doi.org/
10.1038/nrneph.2017.142

Falagas ME, Fragoulis KN, Kasiakou SK, Sermaidis GJ,
Michalopoulos A (2005) Nephrotoxicity of intravenous colistin: a
prospective evaluation. Int J Antimicrob Agents 26(6):504-507
Miano TA, Lautenbach E, Wilson FP, Guo W, Borovskiy Y,
Hennessy S (2018) Attributable risk and time course of colistin-
associated acute kidney injury. Clin J Am Soc Nephrol 13(4):542—
550. https://doi.org/10.2215/CIN.06980717

Fiaccadori E, Antonucci E, Morabito S, d’Avolio A, Maggiore U,
Regolisti G (2016) Colistin use in patients with reduced kidney
function. Am J Kidney Dis 68(2):296-306. https://doi.org/10.
1053/j.ajkd.2016.03.421

Hakim A, Kallel H, Sahnoun Z, Badraoui R, Jammoussi K, Bouaziz
M, Zeghal KM, Rebaii T (2008) Lack of nephrotoxicity following
15-day therapy with high doses of colistin in rats. Med Sci Monit
14(4):BR74-BR77

Ghlissi Z, Hakim A, Mnif H, Ayadi FM, Zeghal K, Rebai T,
Sahnoun Z (2013) Evaluation of colistin nephrotoxicity adminis-
tered at different doses in the rat model. Ren Fail 35(8):1130-1135.
https://doi.org/10.3109/0886022X.2013.815091

Zager RA, Vijayan A, Johnson AC (2012) Proximal tubule hapto-
globin gene activation is an integral component of the acute kidney
injury “stress response”. Am J Physiol Renal Physiol 303:F139—
F148

Wei Q, Dong Z (2012) Mouse model of ischemic acute kidney
injury: technical notes and tricks. Am J Physiol Renal Physiol
303(11):F1487-F1494. https://doi.org/10.1152/ajprenal.00352.
2012

de Caestecker M, Humphreys BD, Liu KD et al (2015) Bridging
translation by improving preclinical study design in AKI. J Am Soc
Nephrol 26(12):2905-2916

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.biopha.2018.10.093
https://doi.org/10.1016/j.biopha.2018.10.093
https://doi.org/10.1016/j.biopha.2018.10.001
https://doi.org/10.1016/j.biopha.2018.10.001
https://doi.org/10.4103/1319-2442.235168
https://doi.org/10.1016/j.bjan.2018.01.017
https://doi.org/10.1016/j.bjan.2018.01.017
https://doi.org/10.1128/AAC.01254-17
https://doi.org/10.1080/0886022X.2016.1229995
https://doi.org/10.1016/j.etap.2014.03.004
https://doi.org/10.1016/j.etap.2014.03.004
https://doi.org/10.1007/s00134-010-2038-7
https://doi.org/10.1016/j.cbi.2018.08.012
https://doi.org/10.1128/AAC.00985-17
https://doi.org/10.2147/DDDT.S56071
https://doi.org/10.2147/DDDT.S56071
https://doi.org/10.1186/s40560-015-0072-9
https://doi.org/10.1093/toxsci/kft247
https://doi.org/10.1038/nrneph.2017.142
https://doi.org/10.1038/nrneph.2017.142
https://doi.org/10.2215/CJN.06980717
https://doi.org/10.1053/j.ajkd.2016.03.421
https://doi.org/10.1053/j.ajkd.2016.03.421
https://doi.org/10.3109/0886022X.2013.815091
https://doi.org/10.1152/ajprenal.00352.2012
https://doi.org/10.1152/ajprenal.00352.2012

	Rat models of colistin nephrotoxicity: previous experimental researches and future perspectives
	Abstract
	Introduction
	Colistin formulations
	Mechanisms of nephrotoxicity
	Animals
	Route of administration and dosing
	Duration of treatment and determination of nephrotoxicity
	Designing control groups and efficient preventive agents
	Anesthesia
	Conclusion
	References


