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ABSTRACT Despite dose-limiting nephrotoxic potentials, polymyxin B has reemerged as
the last line of therapy against multidrug-resistant Gram-negative bacterial infections.
However, the handling of polymyxin B by the kidneys is still not thoroughly under-
stood. The objectives of this study were to evaluate the impact of renal polymyxin B
exposure on nephrotoxicity and to explore the role of megalin in renal drug accu-
mulation. Sprague-Dawley rats (225 to 250 g) were divided into three dosing
groups, and polymyxin B was administered (5 mg/kg, 10 mg/kg, and 20 mg/kg) sub-
cutaneously once daily. The onset of nephrotoxicity over 7 days and renal drug con-
centrations 24 h after the first dose were assessed. The effects of sodium maleate
(400 mg/kg intraperitoneally) on megalin homeostasis were evaluated by determin-
ing the urinary megalin concentration and electron microscopic study of renal tissue.
The serum/renal pharmacokinetics of polymyxin B were assessed in megalin-shedding
rats. The onset of nephrotoxicity was correlated with the daily dose of polymyxin B. Re-
nal polymyxin B concentrations were found to be 3.6 � 0.4 �g/g, 9.9 � 1.5 �g/g, and
21.7 � 4.8 �g/g in the 5-mg/kg, 10-mg/kg, and 20-mg/kg dosing groups, respectively.
In megalin-shedding rats, the serum pharmacokinetics of polymyxin B remained un-
changed, but the renal exposure was attenuated by 40% compared to that of control
rats. The onset of polymyxin B-induced nephrotoxicity is correlated with the renal drug
exposure. In addition, megalin appears to play a pivotal role in the renal accumulation
of polymyxin B, which might contribute to nephrotoxicity.
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There is a renewed interest in the clinical use of polymyxins due to the increased
prevalence of infections caused by multidrug-resistant Gram-negative bacteria (1).

Many currently available antibiotics are no longer effective against these resistant
bacterial strains. Additionally, the situation is further exacerbated by the limited num-
ber of new antibacterial agents in the advanced drug development pipeline. Conse-
quently, the polymyxins have emerged as the last treatment resort against these
life-threatening infections.

Polymyxins (polymyxin B and polymyxin E [colistin]) are cyclic polypeptide antibi-
otics which were available for clinical use in the 1950s. However, the clinical use of
polymyxins was considerably reduced in the early 1970s due to concerns about
nephrotoxicity (2–4). Despite being available for decades, the correlation between the
pharmacokinetics and toxicodynamic profiles of polymyxin B is still not thoroughly
understood. This knowledge gap often hinders the optimal clinical use of polymyxin B.
There is evidence suggesting that polymyxin B is not eliminated through the renal
route (5, 6). However, pharmacokinetic studies have reported preferential accumulation
and prolonged residence of polymyxin B in rat kidneys (7, 8). Several studies have also
reported a daily dose of polymyxin B as an independent risk factor associated with drug
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nephrotoxicity (9–11). Nevertheless, these reports did not provide a mechanistic frame-
work correlating renal drug exposure with the onset of polymyxin B nephrotoxicity.

The underlying mechanism(s) of polymyxin B-induced nephrotoxicity has not been
fully established. Many questions with respect to the intrarenal accumulation of poly-
myxin B and its contribution to nephrotoxicity remain unanswered. To date, there is
very limited information on the mechanistic factors implicated in the preferential renal
accumulation of polymyxin B. It was previously suggested that megalin might play a
crucial role in renal handling of polymyxin B (12). Megalin is one of the members of the
low-density-lipoprotein-related protein 2 (LRP2) receptor gene family, with a molecular
size of approximately 600 kDa (13, 14). It is predominantly expressed in the microvilli
of renal proximal tubular epithelium, labyrinth membrane of the inner ear, and retinal
epithelium (15). Megalin functions as an endocytic receptor and is responsible for the
internalization/uptake of a wide variety of endogenous molecules as well as xenobiotics
(16). Several endogenous molecules, such as vitamin D, calcium, lipoprotein lipases,
plasminogen activator inhibitor type-1 complex, and receptor-associated protein (RAP),
are known ligands of megalin (17, 18). Polybasic drugs, such as polymyxin B, colistin,
gentamicin, and amikacin, have a high binding affinity for megalin. It has been
speculated that binding of these molecules to megalin leads to their internalization
within the kidneys (12, 19, 20). Based on these relevant literature findings, we hypoth-
esize that polymyxin B renal uptake might be mediated through megalin.

The objective of this study was to establish a correlation between the renal exposure
of polymyxin B and the onset of nephrotoxicity, in conjunction with exploration of the
role of megalin in the renal accumulation of polymyxin B. The outcomes from this
research can be used for identifying the pharmacological target(s) and designing a
future intervention(s) to mitigate polymyxin B-induced nephrotoxicity.

RESULTS
Correlation between onset of nephrotoxicity and renal tissue concentration of

polymyxin B. All of the animals (10 out of 10) that received 20 mg/kg of polymyxin B
reached the predefined nephrotoxicity endpoint (i.e., a significant elevation in serum
creatinine [�2-fold the baseline level]). In contrast, none of the animals given 5 mg/kg
of polymyxin B reached the endpoint by day 7. Furthermore, we observed a more
gradual onset of nephrotoxicity in the 10-mg/kg group than in the 20-mg/kg dosing
group, as shown in Fig. 1. More specifically, 8 out of 10 animals that received 20 mg/kg
daily reached the predefined endpoint within the first 48 h of treatment. In contrast,
only 1 out of 10 animals that received 10 mg/kg daily reached the endpoint within the

FIG 1 Comparison of times of onset of nephrotoxicity among different polymyxin B dosing groups (P �
0.001).
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first 48 h of treatment (P � 0.001). These findings suggest that a higher daily dose of
polymyxin B is associated with a more rapid onset of nephrotoxicity.

A similar trend was also observed in the renal tissue concentration of polymyxin B
among the various dosing groups, as shown in Fig. 2. The observed concentrations of
polymyxin B in renal tissue were 3.6 � 0.4 �g/g, 9.9 � 1.5 �g/g, and 21.7 � 4.8 �g/g
of renal tissue in the 5-mg/kg, 10-mg/kg, and 20-mg/kg dosing groups, respectively
(P � 0.001). These data imply that the drug concentration observed in renal tissues is
also correlated with the daily dose given.

Effect of maleate administration on megalin homeostasis. (i) Urinary excretion
of megalin. There was a considerable elevation (approximately 20 times the baseline
measurement) in the level of urinary megalin after maleate treatment. However, the
urinary megalin levels reverted gradually to baseline approximately 11 days after
treatment (data not shown).

(ii) Electron microscopy of maleate-treated kidney sections. The electron micro-
scopic images of control and maleate-treated kidney sections depict dramatic differ-
ences, as shown in Fig. 3. No significant ultrastructural changes were noticed in the
control kidney section. Specifically, the proximal tubules in control rats revealed intact
microvilli, mitochondria of normal size, shape, and density, and the presence of few
microvesicles and lysosomes (Fig. 3A). In contrast, within 3 h, maleate pretreatment
resulted in the appearance of morphological and ultrastructural changes in the prox-
imal tubules, including multifocal disruption of microvilli and variations in size and
shape of mitochondria. The presence of multiple dilated microvesicles and abundantly
enlarged lysosomes were other notable changes seen in the ultrathin sections of the
maleate-treated kidney, as shown in Fig. 3B. Of note, there were no noticeable changes
seen in glomeruli, blood vessels, or any other type of renal tubules. Two weeks after
maleate administration, the maleate-treated kidneys revealed no significant changes
(Fig. 3C). Specifically, changes attributed to maleate administration were not seen.
These findings suggest that the maleate-induced renal injuries are not long-lasting and
are reversible.

Polymyxin B pharmacokinetics in megalin-shedding rats. In both groups (with or
without maleate pretreatment), the overall model fits with the data were satisfactory. The
coefficients of determination for serum concentration-time profiles were �0.94 and for
renal concentration-time profiles were �0.87. The areas under the concentration-time
curve from zero to infinity for serum (AUC0–∞, serum) for the control and experimental
groups were comparable, i.e., 10.4 mg · h · liter�1 versus 11.1 mg · h · liter�1, respectively.
In contrast, the AUC0–∞ values for renal tissue (AUC0–∞, renal tissue) differed by almost 2-fold,

FIG 2 Renal tissue concentrations at escalating dose levels of polymyxin B. Vertical error bars represent
the mean standard deviation within a group. The post hoc Tukey’s test was used for multiple 2-way
comparisons of means among different groups (***, P � 0.001; **, P � 0.01).
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i.e., 211.9 mg · h · liter�1 and 121.0 mg · h · liter�1 for the control and experimental groups,
respectively, as shown in Fig. 4. The AUC0–∞, renal tissue/AUC0–∞, serum ratios were 19.1 for the
control group and 11.6 for the experimental group. These findings suggest that in megalin-
shedding rats, the systemic exposure of polymyxin B remains unaltered but the renal
exposure is reduced considerably after maleate administration.

After 2 weeks of treatment with a single dose of maleate, our results showed that
renal tissue polymyxin B concentrations (3 h postdosing) in sodium maleate-pretreated
rats were comparable to those of control rats (11.08 �g/g versus 11.45 �g/g, P � 0.61).
This finding suggests that the effect of sodium maleate on the renal accumulation of
polymyxin B is also reversible in nature.

DISCUSSION

With the increasing prevalence of multidrug resistance in Gram-negative bacteria,
the polymyxins are increasingly used as the last viable therapeutic option against
life-threatening bacterial infections. However, limited understanding of polymyxin B
pharmacokinetics and underlying mechanisms of nephrotoxicity is a major hindrance
to the optimal clinical use of polymyxin B.

Over the past decades, several noteworthy attempts have been made to advance
our understanding of nephrotoxicity associated with the polymyxins. Suzuki et al.
reported significantly diminished renal concentrations of colistin in megalin-shedding
rats, which suggested the involvement of megalin in renal drug accumulation (21). A
recent study by Azad et al. investigated the underlying mechanism of polymyxin B
nephrotoxicity in rat (NRK-52E) as well as human (HK-2) kidney proximal tubular cell
lines. Cellular apoptosis was identified to be a potential mechanism of polymyxin
B-induced nephrotoxicity. It was also reported that apoptosis was triggered via activa-
tion of the caspase pathway in a time- and concentration-dependent fashion (22).

In this study, we observed that the polymyxin B dose correlated with the renal drug
concentration, and both correlated with the onset of nephrotoxicity. The higher daily
dose of polymyxin B was associated with a greater degree of drug accumulation in the
renal tissues, which subsequently manifested as a more rapid onset of nephrotoxicity

FIG 3 Electron microscopic images of ultrathin kidney sections: control, at 3 h (A); with maleate treatment, at 3 h (B); with maleate treatment, at 14 days (C).
(A) No significant changes were noted in the control kidney. Specifically, the proximal tubular cells displayed intact microvilli (Vil) and mitochondria (Mi) of
normal size, shape, and density. A few microvesicles/lysosomes (Ly) were noted. (B) Marked changes were noted in proximal tubular cells of an experimental
animal, including degenerative changes of individual tubular cells (lower right), multifocal disruption or loss of microvilli (Vil), abundant mitochondria (Mi) of
variable sizes and shapes, and multiple dilated microvesicles (Mv). There were no significant changes in glomeruli, blood vessels, or other types of renal tubules.
(C) Proximal tubular cells displaying normal features, including intact microvilli (Vil), normal mitochondria (Mi), and few lysosomes (Ly). Original magnification,
�10,000 for all panels.
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(Fig. 1 and 2). These findings were consistent with the previous results from our
laboratory demonstrating preferential renal accumulation and prolonged residence of
polymyxin B in an animal model, thereby predisposing the kidneys to the toxic effect
of polymyxin B (5, 7, 8).

Additional significant findings of this study involved delineation of the possible role
of an endocytic receptor (megalin or low-density-lipoprotein-related protein 2 [Lrp2]) in
the renal accumulation of polymyxin B. Maleate was reported to disrupt the association
of megalin with the cell membrane along the microvilli in the brush border of
epithelium in renal proximal tubular cells, resulting in loss of tissue megalin and urine
excretion of megalin (i.e., megalin shedding) (21, 23). In this study, we have further
verified megalin shedding by the quantitative recovery of megalin in urine and the
morphological examination of maleate-treated kidney sections. The electron micro-
scopic examination of kidney sections revealed marked ultrastructural changes in the
proximal tubules after maleate treatment (Fig. 3). These results were consistent with
those reported by Bergeron et al. (23). Maleate is also known to induce apical
membrane-associated transport defects in the renal proximal epithelial cells similar to
those observed in Fanconi syndrome. Maleate-induced ultrastructural changes tran-
siently disrupt the apical endocytic and recycling apparatus, leading to accumulation of
microvesicles in the proximal tubules (24). Therefore, the abundance of apical mi-
crovesicles in our electron microscopic study (Fig. 3) suggests that maleate might be
involved in inhibition of the membrane recycling process, thereby inducing generalized
transport defects similar to those observed in Fanconi syndrome. This finding corrob-
orated the conclusion of Christensen et al., who previously demonstrated that maleate

FIG 4 Mean polymyxin B concentrations in serum and renal tissues. Filled and open circles represent
mean serum concentrations of polymyxin B in the experimental and control groups, respectively; filled
and open triangles represent mean renal tissue concentrations of polymyxin B in the experimental and
control groups, respectively. The dotted line is the best-fit line for the renal concentration-time profile in
the control group, whereas the solid line is the best-fit line for the renal tissue concentration-time profile
in the treatment group. Vertical error bars represent the standard deviation at each time point.
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induced inhibition of lysozyme transport from the endocytic vacuoles to the lysosomes
(25). On the basis of these collective findings, we hypothesize that megalin is involved
in the internalization of polymyxin B by playing a crucial role in drug transport through
the endocytic recycling apparatus. Subsequently, we wanted to ascertain whether the
maleate-mediated changes and the altered megalin homeostasis were reversible.
Fourteen days after treatment with maleate, the initial morphological findings (includ-
ing megalin shedding in the urine) were reversed to the usual pattern seen in normal
rats.

We further investigated the systemic/renal exposure of polymyxin B in megalin-
shedding rats. Interestingly, our results indicated that polymyxin B exposure in renal
tissue was attenuated by approximately 40% after pretreatment with maleate but the
systemic drug exposure remained mostly unaltered in megalin-shedding rats (Fig. 4).
This could be attributed primarily to the diminished availability of membrane-bound
(i.e., functional) megalin after pretreatment with maleate. These findings suggest that
preferential renal accumulation of polymyxin B might be reduced by a disrupting
relevant mechanism(s) of drug uptake, leading to a possible delay in the onset of
nephrotoxicity.

There are several limitations to this study. We could not directly demonstrate the
delay in onset of nephrotoxicity in megalin-shedding rats. This was because maleate
interfered with the nephrotoxicity endpoint detection by elevating serum creatinine
levels. Therefore, the renal drug concentration was used as a surrogate marker, as an
indirect approach of assessing the onset of nephrotoxicity. Also, our preliminary study
established circumstantial evidence that megalin might be involved in renal accumu-
lation of polymyxin B. However, we used a nonspecific approach (maleate administra-
tion) to facilitate disruption of membrane-bound megalin and induce transport defects.
These findings should be validated with more specific methods. For future investiga-
tions, molecular tools (e.g., small interfering RNA [siRNA]-mediated gene silencing) to
ascertain the role of megalin in renal accumulation of polymyxin B are warranted. In
addition, we intend to examine the urinary concentration of polymyxin B in maleate-
treated rats.

In conclusion, this study establishes a correlation between dose, renal drug expo-
sure, and onset of polymyxin B-induced nephrotoxicity. This study also provides
insights into the role of megalin in renal accumulation of polymyxin B. Megalin appears
to be a promising target for designing future pharmacological interventions to alleviate
polymyxin B-induced nephrotoxicity.

MATERIALS AND METHODS
Chemicals and reagents. Polymyxin B sulfate (USP) powder was purchased from APP Pharmaceu-

ticals LLC (lot number 6107834) (Schaumburg, IL) and Sigma-Aldrich (St. Louis, MO). Sodium maleate
dibasic salt was obtained from Sigma-Aldrich. Liquid chromatography-mass spectrometry (LC-MS)-grade
acetonitrile and water were obtained from Mallinckrodt Baker (Philipsburg, NJ); LC-MS-grade formic acid
was purchased from Fluka Analytical (St. Louis, MO). The enzyme-linked immunosorbent assay (ELISA) kit
for Lrp2/megalin was purchased from Cedarlane (Burlington, NC).

Animals. Female Sprague-Dawley rats (225 to 250 g) (Harlan, Indianapolis, IN) were used. The rats
received food and water ad libitum. All animals were cared for in accordance with the highest humane
and ethical standards, as approved by the Institutional Animal Care and Use Committee (IACUC) of the
University of Houston. The jugular veins of selected animals were cannulated to facilitate intravenous
drug administration.

Polymyxin B assay. A validated ultraperformance liquid chromatography-tandem mass spectrom-
etry (UPLC/MS-MS) method was modified to determine the concentrations of polymyxin B in rat serum
and renal tissues, as previously described (8). The lower limit of quantification (LLOQ) was 50 ng/ml for
all the major components of polymyxin B in serum as well as the renal tissue homogenate.

Correlation between onset of nephrotoxicity and renal tissue concentration of polymyxin B.
Prior to each experiment, polymyxin B for injection (USP) was reconstituted with sterile water for
injection (USP) and diluted to achieve the desired concentration. The reconstituted drug solution was
stored at �80°C in aliquots and thawed immediately before dosing.

To mimic a clinical course of polymyxin B treatment, three groups of rats (n � 13 each) were
administered escalating dose levels of polymyxin B (5 mg/kg, 10 mg/kg, and 20 mg/kg, respectively) once
daily subcutaneously for up to 7 days. Blood samples (approximately 200 �l) were drawn via the tail vein
at baseline and on a daily basis (before dosing when applicable). Blood was allowed to clot on ice, and
serum was separated by centrifugation at 4,000 � g for 10 min. Serum samples (100 �l) were further
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assayed for creatinine levels by use of a clinical chemistry analyzer (Piccolo Xpress; Abaxis, Inc., Union
City, CA). A significant elevation in serum creatinine (�2-fold the baseline level) was set as the endpoint
for nephrotoxicity. Kaplan-Meier survival analysis and a log rank (Mantel-Cox) test were used to compare
the times of onset of nephrotoxicity among various groups. Right censoring was used if the nephro-
toxicity endpoint was not observed by day 7.

To determine the renal tissue concentration of polymyxin B, three rats from each dosing group
were randomly selected and sacrificed at 24 h after the first dose; kidneys were harvested and
homogenized. A fixed time point was selected to avoid any potential confounding due to different
cumulative doses received when nephrotoxocity was observed. The concentrations of the major
components of polymyxin B (polymyxin B1, polymyxin B2, polymyxin B3, and isoleucine polymyxin
B1) were determined in serum samples as described above. For the purpose of drug quantification
in the renal tissue homogenates, the estimated concentrations were divided by the total weight of
the kidney and the final concentrations were expressed per gram of renal tissue (in micrograms/
gram). The summed concentrations of individual components were used to estimate the overall
renal drug exposure (26). One-way analysis of variance (ANOVA) and then post hoc Tukey’s test were
used to compare the mean renal tissue concentrations among the dosing groups, and P values of
�0.05 were considered significant.

Effect of maleate administration on megalin homeostasis. (i) Urinary excretion of megalin.
Three rats were housed individually in separate metabolic cages 24 h prior to maleate pretreatment. A
single dose of 400 mg/kg of sodium maleate was given intraperitoneally; this was previously reported to
induce reversible ultrastructural modifications in the apical brush border membrane of proximal renal
tubules (23). To study megalin urinary excretion, cumulative urine was collected daily from day �1 to day
15. The urine samples were spun down to remove particulate matter. Subsequently, the urine samples
were aliquoted and stored at �80°C prior to analysis. The samples were thawed, and urinary Lrp2/
megalin concentrations were quantitatively measured using a commercially available ELISA kit for
megalin. For each animal, the daily megalin concentrations were expressed as a normalized ratio to the
baseline megalin value.

(ii) Electron microscopy of maleate-treated kidney sections. For morphological studies, one
animal was sacrificed at 3 h and another at 14 days after maleate administration to collect the kidneys.
The harvested kidneys were submitted for electron microscopic studies. Tissue samples from both renal
cortical and medullary regions were fixed in 2% glutaraldehyde at 4°C overnight, followed by additional
fixation in osmium tetroxide. The renal tissue was dehydrated and embedded in epoxy resin. Approxi-
mately 1-�m pilot sections were stained with toluidine for selection of the areas for further ultrastructural
examination. Thin sections of these selected areas were cut and subjected to examination under a JEOL
300 electron microscope at 80 kV. The kidneys from two naive rats were harvested, processed in a similar
fashion, and used as controls.

Polymyxin B pharmacokinetics in megalin-shedding rats. To study the impact of sodium maleate
pretreatment on systemic/renal exposure of polymyxin B, the rats were divided into two groups (n � 13
each). Animals in both control and experimental groups were administered a single intravenous dose of
3 mg/kg of polymyxin B sulfate (USP). The intravenous route of polymyxin B administration was preferred
to avoid any interference with drug absorption at the injection site. In addition, the animals in the
experimental group were given 400 mg/kg of sodium maleate intraperitoneally 3 to 6 h prior to
polymyxin B administration. Serum samples were obtained at 1.5, 3, 4.5, 6, and 7.5 h after polymyxin B
dosing. In addition, the rats were sacrificed to harvest the kidneys at 3, 6, and 24 h (n � 3 at each time
point) postdosing. Polymyxin B concentrations in serum and renal tissue samples were assayed by the
validated UPLC-MS/MS method detailed above.

The mean concentrations of polymyxin B in serum, as well as in renal tissue samples, at each time
point were used. A modified two-compartment model (data not shown) was used to cofit the serum/
renal tissue concentration-time profiles using ADAPT 5 (University of Southern California, Los Angeles,
CA). Using the best-fit parameters, the AUC0 –∞ was estimated by integrating instantaneous concentra-
tions with respect to time. The AUC0 –∞, renal tissue/AUC0 –∞, serum ratio was used as an index to quantitatively
assess preferential accumulation of polymyxin B in renal tissue.

To further examine whether the effect of sodium maleate on the renal accumulation of
polymyxin B is transient, three additional rats were given a single dose of 400 mg/kg of sodium
maleate intraperitoneally. Two weeks later, the animals were given a single dose of 3 mg/kg of
polymyxin B intravenously. The rats were sacrificed at 3 h postdosing; kidneys were harvested and
homogenized. Polymyxin B concentrations in renal tissue samples were assayed by the validated
UPLC-MS/MS method.
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