
Methionine Ameliorates Polymyxin-Induced Nephrotoxicity by
Attenuating Cellular Oxidative Stress

Mohammad A. K. Azad,a Sivashangarie Sivanesan,b Jiping Wang,b Ke Chen,b Roger L. Nation,b Philip E. Thompson,c

Kade D. Roberts,b,c Tony Velkov,b Jian Lia

aMonash Biomedicine Discovery Institute, Department of Microbiology, Monash University, Melbourne,
Victoria, Australia

bDrug Delivery, Disposition, and Dynamics, Monash Institute of Pharmaceutical Sciences, Monash University,
Melbourne, Victoria, Australia

cMedicinal Chemistry, Monash Institute of Pharmaceutical Sciences, Monash University, Melbourne, Victoria,
Australia

ABSTRACT Polymyxins are a last line of defense against multidrug-resistant Gram-
negative pathogens. Recent pharmacological data show that intravenous polymyxins
can cause nephrotoxicity in up to 60% of patients, and the plasma concentrations of
polymyxins achieved with the currently recommended dosage regimens are subopti-
mal in a large proportion of patients. Simply increasing the daily dose of polymyxins
is not possible due to nephrotoxicity. This study aimed to examine the protective
effect of methionine against polymyxin-induced nephrotoxicity. Methionine (400
mg/kg of body weight), polymyxin B (35 mg/kg), a combination of methionine (100
or 400 mg/kg) and polymyxin B, and saline were administered to mice twice daily
over 3.5 days. Kidneys were collected immediately at the end of the experiment for
histological examination. The effect of methionine on the pharmacokinetics of poly-
myxin B was investigated in rats. The attenuation of polymyxin B (0.75 mM)-induced
mitochondrial superoxide production by methionine (10.0 mM) was examined in
rat kidney (NRK-52E) cells. Histological results revealed that the polymyxin-induced
nephrotoxicity in mice was ameliorated by methionine in a dose-dependent manner.
The methionine doses were well tolerated in the mice and rats, and the pharmacoki-
netics of polymyxin B in rats were not affected by methionine. In the group receiv-
ing polymyxin B-methionine, the total body clearance of polymyxin B was very simi-
lar to that in the group receiving polymyxin B alone (3.71 � 0.57 versus 3.12 � 1.66
ml/min/kg, P � 0.05). A substantial attenuation of polymyxin-induced mitochondrial
superoxide production in NRK-52E cells was observed following pretreatment with
methionine. Our results demonstrate that coadministration of methionine signifi-
cantly ameliorated polymyxin-induced nephrotoxicity and decreased mitochondrial
superoxide production in renal tubular cells.

KEYWORDS methionine, nephrotoxicity, oxidative stress, polymyxins

Over the last 2 decades there has been a significant increase in the incidence of
infections caused by multidrug-resistant (MDR) Gram-negative bacteria (1). Even

worse, a scarcity of novel antibiotics in the development pipeline leads the world to a
state in which it is vulnerable to these difficult-to-treat infections (1). Polymyxins B and
E (the latter of which is also known as colistin) are increasingly used as a last line of
defense against Gram-negative superbugs (2). Polymyxins became available in the
clinic in the late 1950s and were never subjected to contemporary drug development
procedures. There was a significant lack of pharmacological information about poly-
myxins, until the past decade (3, 4). The clinical use of intravenous polymyxins has been
limited by the potential nephrotoxicity, a dose-limiting factor which can occur in up to
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60% of patients (5, 6). Therefore, there is an urgency to develop novel approaches to
minimize polymyxin-induced nephrotoxicity.

Both megalin and PEPT2 are involved in the renal uptake of polymyxins (7, 8);
however, the precise mechanism of polymyxin-induced nephrotoxicity remains un-
known. The renal handling of polymyxins almost certainly contributes to their propen-
sity for causing kidney tubular cell damage (9, 10). Following intravenous administra-
tion of colistin and polymyxin B, only a very small fraction of the dose is excreted in
urine after filtration by glomeruli (11, 12). The majority of the filtered polymyxin
molecules undergo extensive tubular reabsorption, leading to the very significant
accumulation of polymyxin in tubular cells, which causes renal tubular damage (9,
11–13). Our recent studies demonstrated that polymyxin-induced nephrotoxicity in-
volves apoptosis in kidney tubular cells, which appears to be partially mediated by the
generation of reactive oxygen species (ROS) and caspase activation (14–16). It has been
demonstrated that several antioxidants can attenuate polymyxin-induced nephrotox-
icity in animals (16–19).

Methionine, one of the most easily oxidizable amino acids, and its derivatives have
strong antioxidant activity that allows them to scavenge free radicals that originate from
both ROS and reactive nitrogen species (RNS) (20–22). In rodent models, the coadminis-
tration of methionine attenuates the nephrotoxicity induced by nephrotoxic agents, such
as cisplatin and DL-serine (23, 24). In the present study, the nephroprotective effect of
methionine on polymyxin-induced nephrotoxicity was examined in a mouse model. The
impact of coadministered methionine on the pharmacokinetics of polymyxin B in rats and
its effect on mitochondrial superoxide production in a renal tubular cell culture model were
also investigated. Our findings indicate the potential use of methionine as a nephropro-
tective agent to ameliorate polymyxin-induced nephrotoxicity.

RESULTS
Histopathological assessment of polymyxin B-induced nephrotoxicity. Marked

histopathological alterations (P � 0.0001) were manifested in the kidneys of mice in the
group treated with polymyxin B (cumulative dose, 245 mg/kg of body weight). These
alterations were absent in the groups treated with the saline control, methionine alone,
and polymyxin B plus methionine at 400 mg/kg (Table 1 and Fig. 1A to D). In the group
treated with polymyxin B, tubular damage with focal necrosis of tubular epithelial cells
and numerous casts was evident (Fig. 1B). The protective effect of methionine appeared
to be dose dependent, as the tubular damage caused by polymyxin B was significantly
reduced in the group of mice treated with 400 mg/kg methionine (Fig. 1D) but slightly
less in the group treated with 100 mg/kg methionine (Fig. 1C). Both methionine doses
(100 and 400 mg/kg) were well tolerated by the mice. According to the overall scores
and the semiquantitative score (SQS) of kidney damage, moderate kidney lesions were
observed in the polymyxin B-treated group, and these were prevented by coadminis-
tration of methionine (Table 1).

Effect of methionine on the pharmacokinetics of polymyxin B. The mean plasma
concentration-time profiles of polymyxin B in rats following a single intravenous bolus
of polymyxin B (1 mg/kg) alone and following a single intravenous bolus of polymyxin
B 15 min after the administration of methionine (200 mg/kg) are presented in Fig. 2.
The mean plasma concentration-time profiles (Fig. 2) and urinary recoveries (Table 2)

TABLE 1 Histological results for kidneys collected from mice in each groupa

Treatment Overall kidney damage score SQS for kidney damageb

Polymyxin B 5, 4, 0, 24, 0, 3 �1, �2, 0, �2, 0, �1
Polymyxin B � methionine 100 0, 0, 3, 2, 2, 0 0, 0, �1, �1, �1, 0
Polymyxin B � methionine 400 0, 0, 0, 0, 0, 0 0, 0, 0, 0, 0, 0
aIn the groups treated with the saline control and methionine alone, no kidney damage was observed, and
therefore, data for these groups are not included here.

bThe extent of kidney lesions was graded using the SQS, where 0, �1, and �2 correspond to no change,
mild damage, and mild to moderate damage, respectively (16).

Azad et al. Antimicrobial Agents and Chemotherapy

January 2018 Volume 62 Issue 1 e01254-17 aac.asm.org 2

 on A
pril 7, 2020 by guest

http://aac.asm
.org/

D
ow

nloaded from
 



were very similar between the two groups, and there were no significant differences
(P � 0.05) in the pharmacokinetic parameters of polymyxin B between the two
groups (Table 2). The urinary recovery of polymyxin B was very low in both the
polymyxin B and the polymyxin B plus methionine groups, and �1.5% of the
administered dose was excreted in urine as unchanged polymyxin B. Very similar
renal clearances of polymyxin B were observed with or without the coadministra-
tion of methionine (Table 2).

Attenuation of mitochondrial oxidative stress by methionine. In the in vitro
study with NRK-52E cells, the MitoSOX red dye-derived fluorescence in the cells treated
with polymyxin B alone (0.75 mM) was �2-fold higher (P � 0.0001) than that in the
control cells and those treated with 10 mM methionine in the absence of polymyxin B
(Fig. 3A and B). In cells treated with polymyxin B in the presence of methionine, the

FIG 1 Representative histological images of hematoxylin-eosin-stained kidney sections from mice in the
control and treatment groups. (A) Kidney sections from saline-treated control mice showing normal
glomeruli and renal tubules; (B) kidney sections from mice treated with polymyxin B showing severely
damaged and dilated tubules (arrow 1), degeneration and necrosis of tubular epithelial cells, and tubular
casts (arrow 2); (C) kidney sections from mice treated with polymyxin B plus methionine at 100 mg/kg
showing damaged tubules with mild tubular dilation (arrow 1) and degeneration and tubular casts
(arrow 2); (D) kidney sections from mice treated with polymyxin B plus methionine at 400 mg/kg showing
normal glomeruli and renal tubules without significant lesions.

FIG 2 Plasma concentration-time profiles of polymyxin B after intravenous administration of polymyxin
B alone (1 mg/kg) (}) and after coadministration of polymyxin B (1 mg/kg) with methionine at 200 mg/kg
(e) (n � 4 in each group; mean � standard deviation [SD]).
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MitoSOX red dye-derived fluorescence was similar to that in the group treated with
methionine alone but substantially lower (P � 0.0001) than that in cells treated with
polymyxin B alone (Fig. 3).

DISCUSSION

Possibly due to suboptimal use, resistance to the last-line polymyxins (25) in
Gram-negative superbugs is increasingly reported worldwide (3, 26, 27). Resistance to
polymyxins virtually means the total lack of treatment options against these problem-
atic Gram-negative bacterial infections. Unfortunately, the administration of higher
doses of polymyxins is limited by the high prevalence of the dose-limiting nephrotox-
icity (which occurs in about one in every two patients) (5, 28, 29). The attenuation of
polymyxin-induced nephrotoxicity will allow widening of the therapeutic window of
polymyxins and the administration of higher daily doses for optimum pharmacody-
namics in patients (16–18). In view of the fact that a significant role of oxidative stress
in polymyxin-induced nephrotoxicity has recently been reported in vitro and in vivo, we
hypothesized that the coadministration of an antioxidant with polymyxins may atten-
uate the nephrotoxicity (14, 16–19, 30). Methionine has been show to provide protec-
tion against oxidative stress in kidney tubular cells and kidney toxicity due to nephro-
toxic compounds (31–33). The present study demonstrated that the coadministration
of methionine significantly attenuated the nephrotoxicity induced by polymyxin B both
in vitro and in vivo.

Both colistin methanesulfonate (CMS; an inactive prodrug of colistin) (34) and
polymyxin B are used for intravenous administration in patients. CMS was not em-
ployed in the present study due to its complex chemistry and conversion to colistin in
vivo (35, 36). The protective effect of methionine was first examined in our mouse
nephrotoxicity model (37) using two different dosage regimens of methionine (Fig. 1).
In a recent clinical trial, escalating supplemental oral doses (9.2, 22.5, 46.3, and 91
mg/kg/day) of methionine were administered for 4 weeks to healthy humans (38). The

TABLE 2 Impact of methionine on the pharmacokinetics of polymyxin Ba in rats

Treatment
Vol of distribution
(ml/kg)

Clearance
(ml/min/kg)

Half-life
(min)

Urinary recovery
over 24 h (%)

Polymyxin B 421 � 201 3.12 � 1.66 108 � 28.9 0.70 � 0.32
Polymyxin B �

methionine 200
574 � 129 3.71 � 0.57 123 � 26.9 0.77 � 0.57

P value 0.15 0.53 0.46 0.84
aPolymyxin B was administered to the rats (n � 4) at 1 mg/kg as an intravenous bolus.

FIG 3 Mitochondrial superoxide production in NRK-52E cells treated with 0.75 mM polymyxin B in the absence and presence of 10
mM methionine. (A) Detection of cellular mitochondrial superoxide using MitoSOX red dye. (B) Measurements of mitochondrial
superoxide production presented as mean � SD (n � 3). ****, P � 0.0001 (compared to control samples).

Azad et al. Antimicrobial Agents and Chemotherapy

January 2018 Volume 62 Issue 1 e01254-17 aac.asm.org 4

 on A
pril 7, 2020 by guest

http://aac.asm
.org/

D
ow

nloaded from
 



tolerable dose of methionine was 91 mg/kg/day, although an increase in the plasma
homocysteine concentration was observed at that dose level (38). A typical loading
dose of 100 mg/kg/day methionine was suggested to be tested in humans without any
association with serious complications (39). The highest methionine dose of 800
mg/kg/day in mice in the current study was based on animal scaling (in which the
800-mg/kg/day dose in mice is �12 times higher than the equivalent mg/kg dose in
humans) (40) and information in the literature, where a comparable animal-scaled
dose showed significant protective effects against oxidative stress-mediated toxici-
ties in rats or guinea pigs following coadministration with other drugs, such as
gentamicin and cisplatin (33, 41, 42). In considering the relative magnitude of the doses
used, it is also important to recognize that the respective bioavailability following oral
administration in humans and parenteral administration in the present and earlier
animal studies is not known. Methionine was administered prior to the administration
of polymyxin B to avoid a possible interaction between the drugs during administra-
tion.

In our mouse model, the kidneys of the mice in the polymyxin B-treated group had
notable histological damage (Fig. 1), including acute cortical and tubular necrosis,
which indicates the possibility of ischemia in the etiology of the lesions. Acute cortical
and tubular necrosis is reversible, but these lesions potentially signal the onset of
chronic renal failure (43). Although no thrombosis or vascular injury was evident from
the histological observations in the present study, the interplay of pathophysiological
pathways, such as tubular injury, oxidative stress, inflammation, and vascular injury in
the kidney, has recently been implicated in cisplatin- and aminoglycoside-induced
nephrotoxicity (44, 45). Similar to the findings for the mice in the control group, no
histological kidney damage was observed in mice treated with only methionine at 400
mg/kg (data not shown). The nephroprotective effect of methionine was demonstrated
by histopathological examination of the mouse kidneys, showing a marked ameliora-
tion of tubular necrosis and a lower SQS in the group treated with polymyxin B plus
methionine compared to the findings for the group treated with polymyxin B (Fig. 1
and Table 1). Clearly, the higher dose of methionine showed much better nephropro-
tection against polymyxin B-induced nephrotoxicity in mice than the lower dose.
Examination of intermediate doses of methionine would assist in defining the dose-
response relationship for nephroprotection and identify the lowest dose needed to
afford essentially complete protection.

The pharmacokinetic parameters of polymyxin B following administration of an
intravenous bolus (1.0 mg/kg) in rats (Table 2) were comparable to those reported
recently (9, 46). The coadministration of methionine did not significantly alter the
pharmacokinetics of polymyxin B in rats (Fig. 2). The percentages of polymyxin B
recovered unchanged in urine over 24 h were less than 1% in the absence and presence
of methionine treatment. Following filtration through glomeruli, polymyxin B is subject
to very extensive renal tubular reabsorption by carrier-mediated pathways (e.g., mega-
lin and PEPT2) (7, 8, 10–12). This highly efficient reabsorption plays a critical role in the
remarkable accumulation of polymyxins within the kidney (17, 47). The coadministra-
tion of methionine did not change the renal clearance or the overall renal handling of
polymyxin B, suggesting that the uptake of methionine by renal tubular cells did not
compete with the carrier-mediated reabsorption of polymyxin B. We have recently
discovered that the renal toxicity of polymyxin is related to the extraordinary intracel-
lular accumulation and activation of apoptosis in renal proximal tubular cells (13, 15).
As methionine also undergoes extensive tubular reabsorption (48, 49), our results
suggest that the intracellular trafficking or accumulation of methionine in renal tubular
cells is crucial for its protective role against polymyxin B-induced nephrotoxicity by
neutralizing cellular oxidative stress.

A potential limitation of our animal study is that the nephrotoxicity experiment was
conducted in mice (Fig. 1; Table 1), while the pharmacokinetic experiment was per-
formed in rats (Fig. 2; Table 2). Rat models for pharmacokinetic studies allow the
collection of adequate blood samples from each animal at multiple time points. The
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dose of 1 mg/kg polymyxin B used in rats was lower than the dose administered to
mice, even after allometric scaling between these species, albeit similar doses have
previously been used to investigate the pharmacokinetic parameters of polymyxins in
rats (12, 46). Notwithstanding this, the dose administered in mice was selected in order
to reproducibly induce nephrotoxicity, and this mouse nephrotoxicity model has been
used in our toxicological studies of polymyxins (12, 46, 47).

The exact mechanism of nephrotoxicity induced by polymyxins is not known;
however, our recent studies have indicated that it is closely associated with the
accumulation in the kidney and the generation of oxidative stress (15). Polymyxin B
exposure in renal proximal tubular cells causes the generation of ROS and leads to
mitochondrial dysfunction and cell death (15). As mitochondria play an important role
in the generation of ROS, in the present study, polymyxin B-induced oxidative stress
was examined in NRK-52E cells. The plasma concentrations of polymyxin B after
intravenous administration of the currently recommended dosage regimens in critically
ill patients are usually less than 10 �g/ml (11). However, in cell culture studies, the
polymyxin B in kidney tubular cells can accumulate to concentrations on the order of
100 mM (13). Therefore, 0.9 mg/ml (i.e., 0.75 mM) polymyxin B was chosen for use in the
cell culture study in the current study in order to induce significant oxidative stress
while maintaining cell viability sufficient for the protection experiment (15). A signifi-
cant increase in the level of mitochondrial superoxide production due to polymyxin B
treatment was evident in the present study, while the mitochondrial oxidative stress
was minimal in methionine-treated cells. Interestingly, the coadministration of methi-
onine with polymyxin B significantly reduced the level of ROS production in mitochon-
dria in NRK-52E cells to that seen in the control cells (Fig. 3). Methionine and its
metabolites have been revealed to be competent scavengers of free radicals and to
detoxify the oxidants by several mechanisms, such as through the transfer of electrons
and hydrogen and radical adduct formation (20, 21). In addition to ROS/RNS scaveng-
ing, methionine plays a key role in the cellular antioxidant defense system (50) and
restores mitochondrial homeostasis (51). Hence, the protective effect of methionine
against polymyxin-induced nephrotoxicity very likely relates to its nucleophilic antiox-
idant activity that allows it to scavenge oxygen free radicals (52–54). The detailed
mechanism of attenuation of polymyxin-induced nephrotoxicity by methionine is not
clear and is under investigation in our laboratory.

In summary, our study is the first to demonstrate that methionine is protective
against polymyxin-induced nephrotoxicity and indicates the critical involvement of
oxygen free radicals. Our results may have an important potential to optimize poly-
myxin use in the clinic by increasing its therapeutic index by the coadministration of an
appropriate nephroprotectant, thereby achieving desirable pharmacodynamics while
reducing toxicities. Importantly, the mechanistic insights into polymyxin-induced neph-
rotoxicity and the protection provided by methionine provide valuable information for
designing novel, safer polymyxin-like lipopeptide antibiotics.

MATERIALS AND METHODS
Chemicals and reagents. Polymyxin B sulfate (catalog number P0972-10MU, batch number

BCBF8382V, USP purity), 10% neutral buffered formalin, and methionine (catalog number M9500, lot
number MKBJ7665V) were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Fresh stock
solutions of polymyxin B (10 mg base/ml) and methionine (20 mg/ml) were prepared in sterile 0.9%
saline for animal studies. All other chemicals were of analytical grade.

Animals. This study was approved by the Animal Ethics Committee of the Monash Institute of
Pharmaceutical Sciences, Monash University (Parkville, Victoria, Australia). All experiments were con-
ducted in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes. Swiss mice (female; age, 6 weeks; body weight, 20 to 25 g) and Sprague-Dawley rats (male;
body weight, 300 to 380 g) were from the Monash Animal Research Platform (Clayton, Victoria, Australia).
The temperature and humidity of the facility, which had a 12-h light and 12-h dark cycle, were controlled.
The animals were housed individually in metabolic cages and had free access to food and water.
Following a 2-day acclimation, cannulae were inserted in the jugular vein and the carotid artery in each
rat in the pharmacokinetic study.

Effect of methionine on polymyxin B-induced nephrotoxicity. Five groups of mice (n � 6 mice
in each group) were employed to examine the effect of methionine on polymyxin B-induced nephro-
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toxicity. Polymyxin B (which was administered subcutaneously) and methionine (which was administered
intraperitoneally) were simultaneously administered twice daily (8 h apart during daylight hours) over 3.5
days. The groups were treated with the following: (i) 0.9% saline (the control group), (ii) polymyxin B at
35 mg base/kg (in which polymyxin B in saline was administered for a total of 7 doses for a cumulative
dose of polymyxin B of 245 base mg/kg), (iii) methionine at 400 mg/kg (in which methionine was
administered in saline for a cumulative methionine dose of 2,800 mg/kg), (iv) polymyxin B at 35 mg/kg
plus methionine at 100 mg/kg (in which the cumulative polymyxin B dose was 245 base mg/kg and the
cumulative methionine dose was 700 mg/kg), and (v) polymyxin B at 35 mg/kg plus methionine at 400
mg/kg (in which the cumulative polymyxin B dose was 245 base mg/kg and the cumulative methionine
dose was 2,800 mg/kg). At 4 h after the last dose on day 4, blood was collected via cardiac puncture and
centrifuged at 4°C and 5,000 � g for 10 min, and the plasma was stored at 	80°C prior to analysis for
polymyxin B as described below. Immediately after blood sampling, the kidneys from each mouse were
collected and placed in 10% neutral buffered formalin for histopathological examination.

Histopathological assessment of polymyxin B-induced nephrotoxicity. The formalin-fixed kid-
neys from the mice in each group (described above) were embedded in paraffin, sectioned at 5 �m, and
stained with hematoxylin-eosin. A semiquantitative evaluation of the degree of renal tissue injury was
carried out by the Histopathology and Organ Pathology Service of the Australian Phenomics Network
(Department of Anatomy and Neuroscience, The University of Melbourne, Parkville, Victoria, Australia)
using a semiquantitative scoring system (16). The histopathologist was blind in regard to the group
allocation of the mouse kidneys. Lesion severity was graded as follows: 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 without papillary necrosis. These grades were
scored as follows: grade 1 was given a score of 1, grade 2 was given a score of 4, and grade 3 was given
a score of 10. The percentage of the kidney slices affected following treatment was scored as follows:
�1% was given a score of 0, 1 to �5% was given a score of 1, 5 to �10% was given a score of 2, 10 to
�20% was given a score of 3, 20 to �30% was given a score of 4, 30 to �40% was given a score of 5,
and �40% was given a score of 6. Overall scores were calculated as the product of the percentage score
and the grade score. Finally, semiquantitative scores (SQS) were assigned for kidney histological results
as follows: an SQS of 0 indicated no significant change (overall score, �1), an SQS of �1 indicated mild
damage (overall score, 1 to �15), an SQS of �2 indicated mild to moderate damage (overall score, 15
to �30), an SQS of �3 indicated moderate damage (overall score, 30 to �45) an SQS of �4 indicated
moderate to severe damage (overall score, 45 to �60), and an SQS of �5 indicated severe damage
(overall score, 60).

Effect of methionine on the pharmacokinetics of polymyxin B. Rats were divided into two groups
(n � 4 each) and received the following bolus doses via the jugular vein cannula: (i) 0.9% saline 15 min
prior to the administration of 1 mg/kg polymyxin B (the polymyxin B group) and (ii) 200 mg/kg
methionine 15 min prior to the administration of 1 mg/kg polymyxin B (the polymyxin B plus methionine
group). Blood samples (0.2 ml) were collected from the carotid artery prior to and at 10, 20, 30, 60, 90,
120, 180, 240, and 360 min after administration of polymyxin B in both groups. All urine voided over the
intervals from 0 to 6 h and 6 to 24 h postdosing was collected, and the volume of each collection was
recorded before the samples were stored for later analysis. The concentrations of polymyxin B in plasma
and urine were measured by high-performance liquid chromatography (HPLC), and the pharmacokinetic
parameters of polymyxin B were determined as described below (55).

HPLC analysis of polymyxin B. HPLC was utilized to determine the polymyxin B concentrations in
plasma and urine. For both matrices (plasma and urine), calibration curves were constructed, with the
polymyxin B concentrations ranging from 0.10 to 5.00 �g/ml. For quality control samples containing 0.50
and 4.00 �g/ml (n � 6), the accuracy and reproducibility were 0.49 � 0.02 �g/ml and 4.04 � 0.06 �g/ml,
respectively, for plasma samples, and 0.51 � 0.03 �g/ml and 3.92 � 0.04 �g/ml, respectively, for urine
samples. Appropriate dilutions were applied for analyzing the samples with concentrations above the
calibration range, and the appropriate quality control samples were included. The limit of quantitation
for polymyxin B in plasma and urine samples was 0.10 �g/ml.

Attenuation of mitochondrial oxidative stress by methionine. Rat kidney proximal tubular
(NRK-52E) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) at 37°C in a humidified atmosphere with 5% CO2. NRK-52E cells were incubated without
(control) or with 0.75 mM polymyxin B (equivalent to �0.90 mg/ml of polymyxin B) in the absence and
presence of methionine (10 mM) for 24 h in DMEM with 0.1% FBS. At the end of the treatments, the cells
were washed with phosphate-buffered saline and incubated with 5.0 �M MitoSOX red dye (excitation
and emission wavelengths, 514 and 531 to 622 nm, respectively) for 45 min (at 37°C in 5% CO2) for
measurement of mitochondrial ROS production. Nuclei were stained with 5 �g/ml of Hoechst 33342
(excitation and emission wavelengths, 405 and 410 to 551 nm, respectively), and the number of cells was
counted. The fluorescence intensity was quantified by laser scanning microscopy using a Zeiss LSM 700
confocal microscope with ZEN imaging software to determine the number of cells and the level of
production of mitochondrial ROS (14). All the images were processed using NIH ImageJ software (v1.48k,
2013). All experiments were conducted with three replicates.

Data analyses. Data from the mouse, rat, and cell culture studies were subjected to the Shapiro-Wilk test
and Levene’s test for the homogeneity of variance among groups to examine the normal distribution for all
continuous variables. For the histopathological scores, Kruskal-Wallis one-way analysis of variance (ANOVA) by
ranks was conducted. The pharmacokinetic data from rats were analyzed using WinNonlin software (non-
compartmental model 201, version 5.2; Pharsight Corp., Cary, NC) (17). An unpaired t test was employed to
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compare the pharmacokinetic parameters between the polymyxin B group and the polymyxin B plus
methionine group. For mitochondrial superoxide production, comparisons among the treatment groups were
performed using ANOVA and Tukey’s test, with the significance level being a P value of �0.05.
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