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Abstract

Renal transporters involved in tubular excretion pathway are considered to be the key concern in drug evaluations in
nephrotoxicity. However, the relationship between the alternation of renal transporters and the kinetic process of
vancomycin (VCM)-induced nephrotoxicity has not been fully elucidated. The present study investigated the alteration of
renal transporters expression in the kinetic process of VCM-induced nephrotoxicity in mice. C57BL/6 mice were
administrated with normal saline or VCM for 7 days. Biochemical and pathological analyses were conducted to investigate
the nephrotoxicity induced by VCM administration. Renal oxidative status, plasma, and kidney content of VCM were
monitored. Quantitative real-time polymerase chain reaction and immunohistochemistry analyses were performed to
analyze the expression of renal transporters. Finally, our data showed that the exposure of VCM (400 mg/kg) caused a slight
nephrotoxicity in mice, whereas exposure of VCM (600 mg/kg) resulted in the severe nephrotoxicity in mice as evidenced by
biochemical parameters and renal morphological changes. In addition, the accumulation of VCM in kidney is higher than
plasma. Interestingly, VCM (600 mg/kg, body weight) resulted in the induction of Oct2–Mate1 and Oat1/3–Mrp2/Mrp4/Bcrp
pathways. However, VCM (400 mg/kg, body weight) caused the induction of Oct2–Mate1/Mate2 and Oat1/3–Mrp4/Bcrp
pathways. The changes of renal transporters in association with the kinetic process of VCM-induced nephrotoxicity may
exert important practical implications for its optimal use in clinic.
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Introduction
Vancomycin (VCM) is one of the most commonly used glycopep-
tides antibiotics in both adult and pediatric populations against
many types of bacterial infections, particularly severe infections.

Unfortunately, a major limitation of VCM in clinical utility is
nephrotoxicity [1]. Impressively, VCM is mainly excreted via
the kidney, where its damaging side effects occurred [2]. It has
been reported that VCM-induced nephrotoxicity was occurred
in 5–25% of recipient patients, which has emerged as the major
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clinical cause of renal failure [3]. This underscores the urgent
need for understanding the kidney-specific accumulation of
VCM and development of novel strategies to prevent this serious
side effect.

Renal tubular cell damage, oxidative stress, and VCM cast
formation have been implicated in the pathogenesis of VCM-
induced nephrotoxicity [4–6]. However, the precise mechanisms
underlying VCM-associated nephrotoxicity are largely unknown.
It is well-known that kidney proximal tubules are considered as
the primary target sites of drug-induced nephrotoxicity, which
explain why tubular excretion is an important route for the secre-
tion of drug or toxins from the body [7]. Renal tubular secretion
of the majority of drugs or toxins was performed via a variety
of renal transporters, such as organic anion transporters (Oats),
organic cation transporters (Octs), multidrug resistance-related
proteins (Mrps), multidrug and toxin extrusions proteins (Mates),
and so on. Differential expression of transporters involved in the
secretion of drug and toxins could be a way to limit intracellular
accumulation of drug and uremic toxins upon re-exposure [8].
For this reason, renal transporters exert an important role in
regulating pharmacodynamics and pharmacokinetics of drugs [9,
10]. Some researchers demonstrated that nephrotoxicity caused
by VCM is associated with a selective intracellular accumulation
of the drug and endogenous toxins in the renal proximal tubular
cells, which results in cell injury, and leads to the renal dysfunc-
tion [11]. Additionally, the systemic and renal clearance of VCM is
changed in patients with nephrotoxicity, and dose adjustments
are required for VCM due to altered pharmacokinetics and/or
pharmacodynamics in patients with nephrotoxicity caused by
VCM [12]. Thus, understanding the changes of renal transporters
involved in renal excretion pathway is beneficial to predicting
better the drug disposition and optimizing dosage.

Reports have shown that drug-induced nephrotoxicity is
accompanied with changed expressions of renal transporters
and renal insufficiency. And the renal tubular cells are partic-
ularly vulnerable to drug-induced nephrotoxicity [13]. Because
of this, the changes of renal transporters involved in tubular
excretion pathway are considered to be the key concern in drug
evaluations in renal injury. Additionally, some reporters have
shown that the alternation of organic anion transporters 1 (Oat1),
organic anion transporters 2 (Oat2), organic anion transporters 3
(Oat3), organic cation transporter 2 (Oct2), multidrug resistance-
associated protein 2 (Mrp2), multidrug resistance-associated
protein 4 (Mrp4), multidrug and toxin extrusion proteins 1
(Mate1), and P-glycoprotein (P-gp) expression were closely linked
to drug-induced nephrotoxicity [14–17]. However, a discrepancy
was found in their results. For instance, one study reported
that the Mate1 level was significantly increased by gentamicin
at doses of 50 mg/kg-induced renal injury but decreased by
gentamicin at doses of 100 mg/kg-induced renal injury in
rats [18]. This drives us to hypothesize that the changes of
these transporter expression are closely associated with the
severity of renal injury. Simultaneously, there are limited data
about the relationship between the alternation in expression
of renal transporters and the kinetic process of VCM-induced
nephrotoxicity. In addition, the renal excretion pathway of
VCM had not been fully elucidated during the advancement of
VCM-induced nephrotoxicity. Therefore, we sought to explore
the significance of the renal transporter changes involved
in the kinetic process of VCM-induced nephrotoxicity and
its implication for VCM excretion at the different degrees of
nephrotoxicity in mice in the present study. These information
may have important practical implications for optimal use of
VCM in clinic.

Materials and methods
Experimental drugs and reagents

VCM was purchased from VIANEX S.A (Greece). The Milli-Q sys-
tem was used to purify ultrapure water (Millipore, Bedfordshire,
MA). Quantitative real-time polymerase chain reaction (RT-qPCR)
reagents were purchased from TaKaRa Biotechnology (Dalian) Co.
Ltd (Dalian, China).

Ethical statement

The guide for the care and use of laboratory animals of the
National Institutes of Health was strictly implemented. The ani-
mal experiment protocol was approved by the Animal Ethics
Committee of the Shanghai Children’s Hospital (Shanghai, China,
Permit number: 2015003) in this study.

Animals and administration of VCM

Male C57BL/6 mice (22 ± 2 g, 7 weeks of age) were purchased
from Shanghai Model Organisms Center, Inc. (Shanghai, China).
All animals were placed in the controlled environment with
temperature (22 ± 1◦C) and humidity (60 ± 5%) on a 12-h-light–
dark cycle; all mice had free access to food and water. VCM
was dissolved in saline and intraperitoneally injected into each
mouse at a dose of 400 mg/kg (n = 5) or 600 mg/kg (n = 5) per body
weight (BW) at 24-h intervals for 7 day, respectively. At the end of
the experiment, all mice were fasted overnight.

Serum biochemistry

The plasma levels of blood urea nitrogen (BUN) and creatinine
were determined with commercially available kits in an auto-
matic biochemical analyzer (HITACHI 7080, Japan).

Histological analysis

Kidney samples from all groups were fixed in 10% formaldehyde
(neutral-buffered formalin), dehydrated, embedded in paraffin,
cut into 5-μm sections, and stained with hematoxylin–eosin
(H&E) according to standard protocols. Shanghai Showbio
Biotech Inc. performed histological assessments.

Plasma and renal concentrations of VCM

The measure of plasma and renal concentrations of VCM was
conducted by Hunan Demeter Instrument Co. Ltd (Changsha,
China). Plasma and renal concentrations of VCM quantification
method were used and improved on the basis of previous study
[19]. The method of plasma concentration of VCM quantification
was as followed: briefly, a volume of 200 μl of plasma was
pipetted into a 2-ml tube, then 600 μl of 10% trichloroacetic
acid–acetonitrile mixture (7:1, v:v) was added to the tube. Sub-
sequently, the mixture was vortexed for 30 s and centrifuged at
20000 × g for 5 min. A 200-μl aliquot of the supernatant was
injected into the 2D-LC system for analysis. The methods for the
determination of renal VCM concentration was as followed: the
sliced kidney samples were weighed for 30 mg, mixed with 300 μl
of normal saline (NS) and homogenized in an ice-bath. Renal
samples (50 μl) collected were added to 50 μl of deionized water
and 400 μl of methyl alcohol, then vortex mixed for 30 s, followed
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Figure 1: the physiological and renal function parameters in VCM-induced nephrotoxicity. BW curve over time (A). The kidney weight (B). The image of kidney size

(C). Plasma creatinine and BUN level (D). Relative mRNA expression of KIM-1 in kidney (E). Relative protein expression of KIM-1 in kidney (F). Data are presented as

mean ± SD. n = 5, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus vehicle group, respectively.

by centrifugation at 12000 rpm for 10 min for deproteinization.
Then 400 μl of the upper organic layer was transferred into a
new polythene tube and dried with nitrogen at 40◦C. The dried
residue was dissolved in 400 μl using the mobile phase, and a
200-μl aliquot was injected into the 2D-LC system for analysis.

RNA extraction and RT-qPCR

RNAiso Plus® Reagent Kit (Takara Biotechnology, Dalian, China)
was employed to extract total kidney RNA. RNA was reverse tran-
scribed into cDNA (1 μg/μl) using a PrimeScript® RT Reagent Kit
with gDNA Eraser (Takara Biotechnology, Dalian, China). Gene-
specific primers were designed online with Primers 3. Supple-
mentary table 1 presents the primers for the detected genes.
Quantification of gene expression was performed with real-time
PCR (Applied Biosystems, USA) with SYBR® Premix Ex Taq™ Kit
(Takara Biotechnology, Dalian, China). All reactions were per-
formed in triplicate with the following thermal cycling condi-
tions: initial denaturation at 95◦C for 30 s followed by 50 cycles
of 95◦C for 5 s and 60◦C for 30 s. Gapdh was used as an internal
reference to calculate the relative expression of target genes.

ELISA of KIM-1

The enzyme-linked immunosorbent assay (ELISA) kits were pur-
chased from Abcam (Cambridge, UK) to assess renal KIM-1 of
mice. All procedures were conducted in accordance with the
manufacturer’s instructions.

Renal immunohistochemistry

Renal sections (4 μm) were deparaffinized and rehydrated in
a graded ethanol series. After antigen retrieval and blocking
by normal goat serum, sections were incubated with Oct2

monoclonal antibody (Abcam, 1:200 dilution) and Mrp2 mon-
oclonal antibody (Abcam, 1:100 dilution) at developed with
4◦C overnight. The localization of peroxidase conjugates was
determined using a DAB kit (Servicebio, Wuhan, China). Slides
were examined under a microscope, and the signals were
analyzed using Image software analysis tools.

Statistical analysis

All data were presented as mean ± standard deviation (SD). Data
were statistically analyzed by one-way analysis of variance and
Student’s t-test (SPSS 24.0 software; SPSS, Inc., Chicago, USA).
P < 0.05 was considered as statistically significant.

Results
The change of the physiological and renal function
parameters induced by VCM treatment in mice

A mice model of nephrotoxicity was established by intraperi-
toneal injection of VCM. All mice started with similar mean
BW. As shown in Figure 1A, the markedly changes of BW are
observed in VCM-treated mice. In addition, renal hypertrophy
was shown in VCM-treated mice as evidenced by the significant
increase of kidney weight and the mages of kidney size
when compared with the vehicle group (Fig. 1B and C). As
compared with the vehicle group, plasma creatinine, plasma
BUN, and the kidney injury molecule 1 (KIM-1) mRNA in
kidney were dramatically increased in the VCM (600 mg/kg)
group, whereas the slight increase of plasma level of crea-
tinine and BUN, renal KIM-1 mRNA were observed in mice
with treatment of VCM at the dosage of 400 mg/kg per
BW (Fig. 1D and E). ELISA showed that the increased renal
KIM-1protein level in mice with VCM (600 mg/kg) and VCM
(400 mg/kg) treatment (Fig. 1F). Moreover, VCM treatment

https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfab048#supplementary-data
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Figure 2: the morphology and pathology condition of the kidneys in VCM-induced nephrotoxicity. Kidney histological examination was conducted by H&E staining in

mice (×100 magnification), n = 3.

increased the number of terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling-positive cells in dose-
dependent manner (Supplementary Fig. 1). These above data
demonstrated that the exposure of VCM at dosage of 400 and
600 mg/kg developed the different degrees of nephrotoxicity
in mice.

The alternation of renal morphology induced by VCM
treatment in mice

H&E staining revealed that the section of renal tissue from vehi-
cle group showed normal histological structure of the renal
corpuscles and renal tubules. However, the extensive dilata-
tion, vacuolar degeneration, epithelial desquamation, necrosis,
infiltration with inflammatory cells, and edema occurred pre-
dominantly in the proximal tubules were undergoing in VCM
(400 mg/kg, BW)-treated mice, and the damage gradually became
more severe at the dosage of 600 mg/kg per BW (Fig. 2). These
finding support the different changes of renal function including
plasma creatinine as well as plasma BUN induced by different
dosage of VCM.

The change of oxidative status induced by VCM
treatment in mice

Oxidative status induced by VCM treatment was indicated by a
marked increase in renal malondialdehyde (MDA) accompanied
with the decrease in renal glutathione (GSH). In our study,
a markedly increase of renal MDA was observed in VCM
(600 mg/kg) group when compared with the vehicle group.
However, there was no significant difference in MDA level
between the vehicle group and the VCM (400 mg/kg) group.
In addition, the renal GSH level was significantly increased
by VCM treatments at dosage of 400 mg/kg but decreased by
VCM treatments at dosage of 600 mg/kg per BW (Fig. 3). These
findings indicated that renal oxidative status is difference at
different stages of renal injury induced by VCM administration,
and the decrease in renal antioxidant enzymatic protection
could aggravate the damage of oxidative stress induced
by VCM.

The alternation of renal transporters induced by VCM
treatment in mice

The renal excretion of the most drugs is generally affected
due to the change of tubular transport in nephrotoxicity. In
addition, many endogenous toxins were the substrates of
the transporter Oat1, Oat3, Mrp2, and so on. Therefore, we
investigated the mRNA expression of renal transporter in mice
with VCM treatment. As shown in Figure 4A, the exposure of
VCM at dosage of 400 or 600 mg/kg significantly decreased
the expression of uptake transporters, including Oat1, Oat3,
and Oct2. Synchronously change of Oct2 protein level was
observed in the group of VCM (600 mg/kg) and VCM (400 mg/kg)
treatment by immunohistochemical staining (Fig. 5). However,
there is no obvious change in the expression of organic anion
transporter 4c1 (Oatp4c1). In addition, the mRNA expression
levels of efflux transporter Mrp2 in the VCM (600 mg/kg) group,
but not VCM (400 mg/kg) group, were markedly lower than in the
vehicle group. Conversely, the mRNA expression levels of efflux
transporter multidrug and toxin extrusion proteins 2 (Mate2)
in the VCM (400 mg/kg) group, but not VCM (600 mg/kg) group,
were markedly higher than in the vehicle group. Interestingly,
the exposure of VCM at dosage of 400 or 600 mg/kg significantly
decreased the expression of efflux transporters Mate1, breast
cancer resistance protein (Bcrp) and Mrp4, whereas the change of
efflux transporters P-gp expression in kidney was not observed
in the groups with VCM treatment compared with the group
with vehicle treatment (Fig. 4B). Consistently, the result of
immunohistochemical staining of Mrp2 (scale bars, 20 μm;
black arrows indicate the positive cells) in the kidneys also
demonstrated that the protein level of efflux transporter Mrp2
in the VCM (600 mg/kg) group, but not VCM (400 mg/kg) group,
were markedly lower than in the vehicle group (Fig. 5).

Dose-dependent changes in levels of systemic and renal
exposure to VCM in mice

Dose-adjusted concentration was calculated by dividing the con-
centration by the corresponding 24-h dose on mg/kg basis. Inter-
estingly, the accumulation of VCM in kidney tissues is about two
times higher than the plasma concentration, which indicating
highly contributes to VCM-induced nephrotoxicity. As shown in
Figure 6A, the dose-adjusted plasma VCM concentration in the

https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfab048#supplementary-data
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Figure 3: renal oxidative status in VCM-induced nephrotoxicity. The concentrations of MDA and GSH in kidney were measured. Data are presented as mean ± SD. n = 4,
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus vehicle group, respectively.

Figure 4: the mRNA expression profile of renal transporters in VCM-induced nephrotoxicity. RT-qPCR analysis was performed to measure the uptake transporters

associated gene expression of Oat1, Oat3, Oct2, Oatp4c1 (A) and the efflux transporters associated gene expression of Mrp2, Mrp4, Mate1, Mate2, Bcrp, and P-gp (B) in

the kidney. All data are shown as the mean ± SD. n = 4, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus vehicle group, respectively.

VCM (600 mg/kg) group was increased by 1.7-fold compared with
the VCM (400 mg/kg) group. Simultaneously, the dose-adjusted
kidney VCM concentration in the VCM (600 mg/kg) group was
increased by 3.5 fold compared with the VCM (400 mg/kg) group
(Fig. 6B).

Discussions
It is well known that nephrotoxicity is the most frequent com-
plication of VCM, despite its clinical application in the treatment

of life-threatening gram-positive bacterial infections. Apart from
underlying patient’s susceptibility to kidney injury, the inherent
nephrotoxicity of drugs and the renal handling (transport and
metabolism) of medications are the major cause of nephro-
toxicity [20]. Several studies have reported that the changes of
renal transporter expression are coming with renal injury, a
discrepancy was found in their results [14–17]. The current study
demonstrated that the changes of renal transporters expres-
sion in the kinetic process of VCM-induced nephrotoxicity were
closely associated with the severity of nephrotoxicity.
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Figure 5: representative images and quantification for immunohistochemical staining of Oct2 and Mrp2 (scale bars, 20 μm; black arrows indicate the positive cells) in

the kidneys. Six random fields were taken from each kidney. Data are expressed as mean ± SD; n = 3; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus vehicle group, respectively

Figure 6: plasma and renal concentrations of VCM after intraperitoneal administration at the doses of 400 or 600 mg/kg per BW. Plasma concentrations (A). Renal

concentrations (B). All data are shown as the mean ± SD. n = 3, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus vehicle group, respectively

In order to mimic the different degrees of nephrotoxicity,
mice were intraperitoneally injected with VCM at the dosage
of 400 and 600 mg/kg per BW at 24-h intervals for consecutive
7 days. Our results showed that the exposure of VCM (400 mg/kg)
caused a slight nephrotoxicity in mice, whereas exposure of
VCM (600 mg/kg) resulted in the severe nephrotoxicity in mice
as evidenced by biochemical parameters and renal morpholog-
ical changes. Subsequently, to clarify the relationships between
the changes in expression of renal transporters and the kinetic
process of VCM-induced nephrotoxicity in vivo, we investigated
the effect of the different degrees of nephrotoxicity on renal
transporter system. In the present study, VCM exposure (400 or
600 mg/kg) led to the downregulation of kidney Oct2, Oat1, Oat3,
Mate1, Bcrp, and Mrp4 expression but did not affect the expres-
sion of Oatp4c1 and P-gp in kidney. Interestingly, the mRNA
expression levels of Mrp2 in the VCM (600 mg/kg) group, but not

VCM (400 mg/kg) group, were markedly lower than the vehicle
group. The increased expression of Mate2 was observed in mice
treated with VCM (400 mg/kg, BW) but not observed in mice
treated with VCM (600 mg/kg, BW). Thus, the renal transporters
changes in kidney support the difference in the changes of
renal function including the elevations of plasma creatinine and
plasma BUN as well as the increase of levels of systemic and renal
exposure to VCM in mice.

Renal transports exert an important role in the pharmacoki-
netics of drugs and renal toxicity [21]. Differential expression of
transports involved in the uptake and efflux of drug participate
in limiting intracellular accumulation of drug upon re-exposure
[8]. It has been reported that Oct2, Mate1, and Mate2 work in
concert in the secretion of cationic drugs from the kidney [22].
Interestingly, VCM is a canonic drug. Therefore, we investigated
the effect of VCM on the renal Oct2, Mate1, and Mate2
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expression in the present study. Previous study has demon-
strated that Oct2 are critical to the nephrotoxicity of cationic
drugs such as cisplatin [23]. In present study, Oct2 expression
in kidney was downregulated in VCM-treated mice, which may
be an adaptive and protective response against kidney injury
by preventing high concentrations of VCM from reaching the
renal tubular cells and subsequently inhibit the development
of nephrotoxicity. This finding is consistent with previously
reported results with the downregulation of Oct2 in renal injury
[16]. In contrast to the basal uptake transporter Oct2, Mate1 and
Mate2 expressed in the apical membrane of proximal tubule
epithelial cells contribute to the urinary efflux of cationic drugs.
Previous study has demonstrated that Mates are essential for
the active secretion of canonic drug into renal proximal tubular
cells [24]. Ondansetron, a Mate inhibitor, significantly increases
the levels of creatinine and BUN in mice receiving cisplatin
treatment due to increasing cisplatin concentration in the
proximal tubules induced by the inhibition of Mate1 and Mate2
[25]. In the present study, we found that Mate1 expression was
markedly decreased by VCM (600 mg/kg) and VCM (400 mg/kg),
which is lined with the higher accumulation of VCM in kidney
compared with the accumulation of VCM in plasma. However, the
increased expression of Mate2 was observed in mice treated with
VCM (400 mg/kg, BW) but not observed in mice treated with VCM
(600 mg/kg, BW), which may partly contribute to the aggravated
renal injury as evidenced by the higher level of creatinine and
BUN in VCM (600 mg/kg, BW) group as compared with the VCM
(400 mg/kg, BW) group. Taken together, the alternation of Oct2,
Mate1, and Mate2 level may be confounding factors contributing
to the changes in the disposition of VCM and subsequently
nephrotoxicity. However, the present study is still not validated
the potent inhibition of VCM on Oct2, Mate1, and Mate2 function.
It is unknown whether VCM treatment has an effect on the
disposition of the cationic drugs transported by Oct2, Mate1, and
Mate2 in vivo and in vitro. Future studies are urgent to validate the
interaction of VCM with Oct2, Mate1, and Mate2 using metformin
as the probe substrate toward these transporters.

Previous study reported that drug-induced nephrotoxicity led
to the change of the expressions of renal transporters, which
resulting in the decreased excretion of endogenous toxins. After-
ward, because of the elimination of uremic toxins is inhibited,
the accumulated endogenous toxins in kidney could accelerated
the progression of nephrotoxicity [14, 15]. Thus, promoting the
secretion of endogenous toxins is an effective route for miti-
gating the nephrotoxicity induced by drugs. Our results showed
that the exposure of VCM at the dosage of 600 mg/kg per BW
markedly increased the concentration of plasma creatinine and
BUN. Several emerging evidences have demonstrated that renal
transport participated in the renal elimination of creatinine, such
as Oct2, Oat1, and Oat3 [26, 27]. The present results demon-
strated that the reduced membrane expression of renal Oat1
and Oat3 were observed in mice with VCM administration at the
dosage of 400 and 600 mg/kg per BW, which might be a com-
pensatory protective response against nephrotoxicity induced by
the accumulation of VCM. Apart from Oats transporters, previous
studies revealed that the transporters Oct2 play an important
role in mediating the renal tubular excretion of creatinine [28].
Thus, an increase of serum creatinine induced by the expo-
sure of VCM could be at least partly explained by the attenua-
tion in Oct2, Oat1, and Oat3 expression in our study. Although
the expression of Oct2, Oat1, and Oat3 were also decreased
by VCM (400 mg/kg, BW) exposure, the plasma creatinine level
did not synchronously change. This could be related to the
complex interactions between excretion and reabsorption in

kidney. Besides, Mrps expressed in the apical membrane of prox-
imal tubule epithelial cells contribute to the urinary efflux of
endogenous toxins. Interestingly, previous study demonstrated
that inhibition of Mrps could cause accumulation of endogenous
toxins in proximal tubule cells and consequently lead to nephro-
toxicity [29]. Notably, Mrp2 is an efflux transporter that mediates
the secretion of oxidized GSH and lipid peroxides generated
during renal injury, in turn, alleviates the oxidative stress [30].
MDA is participated in lipid peroxidation as well as its content
reflects the level of lipid peroxidation, and it is regarded as a
suitable index of oxidative damage in vivo. It has been previously
reported that Mrp2 was involved in the tubular secretion of
MDA [31]. The present results showed that the renal MDA was
significantly increased by VCM (600 mg/kg, BW) treatment, but
not changed by VCM (400 mg/kg, BW) treatment, which might
be closely related to the downregulated Mrp2 mRNA level in
mice with the treatment of VCM (600 mg/kg, BW). As previously
reported, GSH is another substrate of Mrp2 [32]. In our study,
a significant reduce of the kidney GSH level was observed in
VCM treatments at dosage of 600 mg/kg, but an increase in VCM
treatments at dosage of 400 mg/kg per BW. Interestingly, the renal
Mrp2 mRNA level in mice with the treatment of VCM (400 mg/kg,
BW) is comparable to the mice with NS treatment, which was
consistent with the change of kidney GSH level. Consistently,
previous study also investigated the changes of several renal
transporters in rats with VCM treatment. The research similarly
showed that Mrp2, Oat1, Oat3, and Oct2 decreased in rats with
VCM-induced nephrotoxicity [33]. Interestingly, P-gp was also
reported [33] to be downregulated, which was different from
unchanged P-gp levels in the study. However, due to lack of
experiments results about different dose of VCM in rats, the
differential outcomes of P-gp were difficult to determine whether
it is due to the extent of the renal injury, differences in species,
or some other cause. Besides, Bcrp and Mrp4 are also the efflux
transporters of GSH. Overexpression of Bcrp and Mrp4 would
decrease the level of GSH [34, 35]. In the present study, the mRNA
expression of Bcrp and Mrp4 were downregulated by VCM, but no
obvious difference was observed between VCM (400 mg/kg, BW)
and VCM (600 mg/kg, BW) groups. Therefore, the most plausible
explanation for the observed differences in excretion of MDA and
GSH in VCM (600 mg/kg, BW)-treated mice compared with VCM
(400 mg/kg, BW) mice is the impaired efflux of MDA and GSH
from renal tubular secretion into urine because of the down-
regulated Mrp2 expression. Meanwhile, the changes of renal
transporters in different VCM group support the difference in the
changes of renal function including the elevations of plasma cre-
atinine and BUN as well as the increase of levels of systemic and
renal exposure to VCM in mice. Taken together, the accumulation
of endogenous toxins induced by VCM-induced nephrotoxicity
could be at least partly explained by the attenuation in Oct2, Oat1,
Oat3, Mrp2, and Mrp4 expression in our study.

Conclusions
In summary, our results showed that VCM (600 mg/kg, BW)-
induced nephrotoxicity led to the downregulated expression
of the Oct2–Mate1 and Oat1/3–Mrp2//Mrp4/Bcrp pathways.
However, VCM (400 mg/kg, BW) caused the decreased expression
of the Oct2–Mate1/Mate2 and Oat1/3–Mrp4/Bcrp pathways but
did not decrease the expression of Mrp2. In addition, the
increased expression of Mate2 was observed in mice with VCM
(400 mg/kg, BW) treatment but not in mice with VCM (600 mg/kg,
BW) treatment. The current work on the mechanistic basis of
VCM-induced nephrotoxicity opens up new avenues for further
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evaluation of pharmacologic approaches for renoprotection
through targeting the renal transporters. Moreover, the changes
in expression of renal transporters in association with the
kinetic process of VCM-induced nephrotoxicity in vivo may have
important practical implications for its optimal use.
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