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Abstract

Renal proximal tubules are targets for toxicity due in part to the expression of transporters that
mediate the secretion and reabsorption of xenobiotics. Alterations in transporter expression and/or
function can enhance the accumulation of toxicants and sensitize the kidneys to injury. This can be
observed when xenaobiotic uptake by carrier proteins is increased or efflux of toxicants and their
metabolites is reduced. Nephrotoxic chemicals include environmental contaminants (halogenated
hydrocarbon solvents, the herbicide paraquat, the fungal toxin ochratoxin, and heavy metals) as
well as pharmaceuticals (certain beta-lactam antibiotics, antiviral drugs, and chemotherapeutic
drugs). This review explores the mechanisms by which transporters mediate the entry and exit of
toxicants from renal tubule cells and influence the degree of kidney injury. Delineating how
transport proteins regulate the renal accumulation of toxicants is critical for understanding the
likelihood of nephrotoxicity resulting from competition for excretion or genetic polymorphisms
that affect transporter function.
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1. Introduction

An important function of the kidney is to excrete metabolic waste products and xenaobiotics
from the circulation. During this process, the kidney may become vulnerable to toxicity. The
pathways for xenobiotic elimination include glomerular filtration and tubular secretion.
Drugs smaller than 50 to 65 kDa pass through the glomerulus in the unbound form [1].
Large or charged chemicals are often cleared from the circulation by transporter-mediated
renal secretion. Much of the xenobiotic secretion in the kidney occurs in proximal tubules.
The uptake of organic anions and cations as well as zwitterions from the blood is the first
step in renal secretion. Subsequently, chemicals can undergo active efflux by transporters on
the apical brush border membrane where they are added to the ultrafiltrate or by transporters
on the basolateral membrane where they re-enter the blood. Chemicals in the ultrafiltrate are
either removed to the urine or reabsorbed by apical transporters and returned to the
circulation. Depending on the physicochemical properties, reactivity, and propensity for
binding to intracellular components, chemicals can also be retained inside tubule cells.
Alterations in the rate and/or extent of uptake versus efflux can influence the net
intracellular concentrations of drugs, environmental contaminants, and the formation of
metabolites. The focus of this review will be primarily on the transport mechanisms and
subsequent toxicities of chemicals in proximal tubules.

2. Renal Transporters

2.1. Uptake Transporters

Proximal tubules contain several uptake proteins that are part of the solute carrier (SLC)
drug transporter family, including the organic anion transporters (OATS), the organic cation
transporters (OCTSs), the organic cation/carnitine transporters (OCTNs), and the organic
anion transporting polypeptides (OATP). Human OAT1-3 (SLC22A6-8) proteins are largely
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found on the basolateral membrane of proximal tubules [2—-8] although OAT2/Oat2 may also
localize to the apical surface of human and rat proximal tubules [9]. OAT4 (SLC22A11) and
Oat5 (SLC22A10/19) proteins have been detected on the apical membrane of human and rat
renal proximal tubules, respectively [10, 11]. OATSs are responsible for the uptake of organic
anions, such as beta-lactam antibiotics and nonsteroidal anti-inflammatory drugs [12, 13].
Endogenous dicarboxylate anions (such as alpha-ketoglutarate) are considered to be the
driving force for organic anion exchange [14-18]. Among the OCTSs, human kidneys are
abundantly enriched with OCT2 (SLC22A2) protein on the basolateral membrane of
proximal tubules [19, 20]. By comparison, rodent kidneys have two isoforms (Octl and 2,
Slc22al and 2, respectively) with overlapping functions on the basolateral membrane [19].
Substrates for OCT2 include the hypoglycemic drug metformin and the cancer drug cisplatin
[21-23]. OCT3 (SLC22A3) is also present in human kidneys and transports cations;
however, its role in nephrotoxicity remains largely unknown. OCTN1/Octnl and OCTN2/
Octn2 (SLC22A4 and 5) are both localized to the apical side of rodent and human proximal
tubules [24-26]. OCTN1/Octn1 and OCTN2/Octn2 transport carnitine and cation drugs
including the antiseizure drug valproic acid and the antibiotic cephaloridine [27, 28]. Among
OATPs, OATPAC1 (SLCO4CI) is detected at high levels on the basolateral membranes of
proximal tubules [29, reviewed in 30]. Typical OATP substrates include cardiac glycosides
and anti-cholesterol statin drugs [29, 31].

2.2. Efflux Transporters

Renal efflux transporters include ATP-binding cassette (ABC) and SLC transporters.
Multidrug resistance protein 1 (MDR1, ABCBI), multidrug resistance-associated protein 2,
4 (MRP2, 4, ABCCZ, 4), and breast cancer resistance protein (BCRP, ABCGZ2) belong to the
ABC transporter family. Multidrug and toxin extrusion 1 and 2-K (MATEL, 2-K, SLC47A1,
2) are efflux transporters in the SLC transporter family.

MDRZ1/P-glycoprotein (P-gp) is localized to the apical membrane of rodent and human
proximal tubules [32, 33] and actively exports drugs with diverse structures including
chemotherapeutic agents, steroids, cardiac glycosides, and immunosuppressant drugs
[reviewed in 34, 35]. MRPs function as extrusion pumps for organic anions, including beta-
lactam antibiotics, as well as glucuronide and glutathione (GSH) conjugates such as
acetaminophen-glucuronide and arsenic-GSH [36-38]. Two isoforms found on the apical
side of proximal tubules are MRP2 [37, 39] and 4 [40]. In the kidneys, human MRP4 has 5-
fold higher mMRNA expression than human MRP2 as well as greater affinity for uptake of the
organic anion, para-aminohippurate (PAH) in membrane vesicles (K, values: 160 uM for
MRP4 and 5 mM MRP2) [41]. BCRP accepts a wide variety of organic anions as substrates
including anticancer drugs, sulfated conjugates, and the Hoechst 33342 dye [42-49]. Human
BCRP protein is localized to the apical membrane of proximal tubules but at levels lower
than observed in rodent kidneys [50]. MATE transporters are members of the SLC family
and function as cation exchangers. Rodent Matel as well as human MATE1 and MATE2-K
are found on apical membranes and efflux organic cations in exchange for protons [51-54].
In in vitro models, MATE proteins typically act as uptake carriers, in particular, when non-
polarized cells are acidified to pH 6.5 using ammonium chloride [55, 56]. Typical substrates
for MATELX include the histamine Hy receptor antagonist, cimetidine, the antidiabetic agent,
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metformin, and the herbicide, paraquat [55-57]. MATE2-K shares overlapping substrates
with MATEL including cimetidine and metformin [52]. Many cationic drugs are eliminated
using renal secretion by the OCT2/MATE pathway. Imbalances in OCT2-mediated uptake or
MATE-mediated efflux can result in accumulation of cationic toxins in proximal tubules.
More recently, the Na*-dependent phosphate transporter 4 (NPT4, SLC17A3) was identified
as an efflux transporter of urate and important for the pathogenesis of gout [58]. NPT4
protein was shown to localize to the apical side of human proximal tubules and transports
various organic anions including PAH and ochratoxin A [59].

3. Prototypical Nephrotoxicants

This section provides an overview of chemicals that injure proximal tubules using renal
transport mechanisms.

3. 1. Environmental Chemicals

A wide range of naturally-occurring and synthetic chemicals are introduced into the
environment daily. These include nephrotoxicants such as halogenated hydrocarbons,
herbicides, mycotoxins, and heavy metals that contaminate food and water sources.
Regulatory efforts have largely limited human exposure to these chemicals. Nonetheless,
understanding the renal absorption and secretion of each chemical provides mechanistic
insight into how transporters influence their propensity to cause proximal tubule damage.

3. 1.1. Trichloroethylene—Solvents, such as trichloroethylene (TCE), have contaminated
food, water, and air through widespread industrial use. Epidemiological studies have
attributed renal cell carcinomas to the long-term exposure of industrial workers to high
levels of TCE in Germany [60, 61]. In rats and mice, exposure to oral and inhaled TCE
caused renal tubular cytomegaly and karyomegaly as well as the formation of tumors, most
notably in male rats due to their higher rate of metabolism [62, 63]. In support of this,
metabolism studies identified the reactive and toxic metabolites of TCE responsible for
DNA mutations and protein alkylation [64]. In the liver, the majority of TCE is oxidized by
cytochrome P450 enzymes [65-68], while a small portion is conjugated to GSH by
glutathione Stransferases to form S-1,2,-dichlorovinyl-L-cysteine (DCVC) and
subsequently N-acetyl-DCVC [66, 68—73]. Following removal from the liver back to the
circulation, DCVC and N-acetyl-DCVC accumulate in proximal tubules where N-acetyl-
DCVC can be deacetylated [74]. This is important because DCVC is a substrate for renal
beta lyases, which further metabolize cysteine (Cys)-containing compounds into highly
reactive species that bind DNA, proteins, and lipids [75-78]. Thus, GSH-conjugated
metabolites of TCE are important mediators of renal injury [71]. Rabbits administered
DCVC developed dose-dependent morphological necrosis of the proximal tubules and
proteinuria [79]. Primary human proximal tubules exhibit apoptosis, necrosis, and
proliferation following exposure to DCVC at a range of concentrations from 10 to 1000 pM
[80].

Since DCVC is charged at physiological pH, it was predicted that transport proteins would
be required for entry into cells [81]. To determine the role of transport in the tubular damage
caused by TCE metabolites, rabbit renal cortical slices were directly exposed to DCVC and
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N-acetyl DCVC [82]. Probenecid, a prototypical Oat inhibitor, prevented N-acetyl DCVC
uptake by 80% and reduced cellular damage, indicating the involvement of Oats in
basolateral influx. Further studies using rabbit proximal tubules demonstrated that unlabeled
DCVC, PAH, and probenecid inhibited the basolateral uptake of radiolabeled DCVC by 70-
85% (Figure 1) [83]. Further, PAH and probenecid also attenuated the damage produced by
DCVC. Similar results have revealed a role for human OAT-mediated uptake of DCVC.
Chinese hamster ovary (CHO) cells stably transfected with hOAT1 exhibited uptake of
DCVC that was blocked by PAH (ICgq: 208 uM) [84]. Conversely, interference of organic
cation transporters using tetraethylammonium (TEA) had no effect on DCVC uptake in rat
renal proximal tubules [85], suggesting little interaction with basolateral OCT transporters.

Multiple amino acid transporters have also been implicated in the influx of DCVC using
isolated rat proximal tubule cells and porcine kidney LLC-PK; cell lines [85-87]. In isolated
rat proximal tubules, DCVC uptake was prevented using substrates of the system A, ASC,
and L transporters, which are proteins responsible for the uptake of amino acids such as
alanine, serine, and cysteine [85]. Amino acid transporters along the apical membrane are
important for DCVC reabsorption. Rabbit and rat brush-border membrane vesicles were
used to assess the apical uptake of DCVC [86, 88]. In rabbit brush-border membrane
vesicles, [3°S]DCVC was transported by a saturable and Na*-dependent process. This
transport could be inhibited up to 80% by several amino acids including L-phenylalanine, L-
leucine, and L-cysteine. Based on kinetic transport studies, the authors concluded that
inhibition of [3®S]DCVC uptake by L-phenylalanine was competitive, which suggested the
two chemicals shared a common transport pathway. Basolateral and apical uptake pathways
allow entry of DCVC and N-acetyl DCVC into renal cells, which may contribute to the
acute and chronic toxicity seen with TCE exposures.

Few studies have explored the role of efflux transporters in the disposition of TCE
metabolites. Recently, membrane vesicles generated from mouse proximal tubules were used
to demonstrate that Mrp2 transported N-acetyl DCVC, but not DCVC, in an ATP-dependent
manner (Km 36.6 uM) [89]. Further, mouse proximal tubule-derived cells endogenously
expressing Mrp2 showed marked inhibition (40-50%) of N-acetyl DCVC transport from the
basolateral-to-apical direction after transfection with antisense mouse MrpZ RNA.
Transcellular transport of DCVC was not affected by transfection of anti-Mrp2 RNA,
consistent with the membrane vesicle data. The authors suggest that N-acetyl DCVC may be
consecutively taken up by the basolateral Oatl transporter and excreted by Mrp2 into the
ultrafiltrate. Additional studies are necessary to understand the exit pathway for other
metabolites, such as DCVC, from proximal tubule cells.

3.1.2. Paraquat—Paraquat (PQ), a 1,1 -dimethyl-4,4"-bipyridinium cation, was
discovered in 1955 and has been widely used as an herbicide since 1962. It is an effective
weed killer that becomes inactivated once in contact with the soil leading to relatively low
bioaccumulation in the environment. The ability of PQ to elicit toxicity extends to
mammalian species as clinical cases of pulmonary and renal injury were reported as early as
the 1960s. As PQ is not absorbed through intact skin, the majority of the poisoning cases are
due to accidental or intentional ingestions. In 1966, Bullivant reported two of the initial
human cases of accidental PQ poisoning by ingestion in New Zealand [90]. The peak
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concentration of PQ in humans was observed within 2 to 4 hours after ingestion [91]. PQ
rapidly distributes into tissues such as the lungs, kidneys, and liver. Pneumotoxicity is the
primary cause of mortality because PQ concentrates in the lungs using the polyamine uptake
system [92]. Animal studies have also demonstrated that repeated, low doses of PQ can
cause degeneration of the dopaminergic neurons in the substantia nigra pars compacta [93].

The kidneys are responsible for eliminating the majority of PQ that is absorbed into the
systemic circulation, and are therefore also susceptible to injury [94]. PQ is minimally
metabolized and largely excreted in the urine unchanged. Elimination of PQ occurs through
a combination of glomerular filtration and active tubular secretion such that the total renal
clearance exceeds the glomerular filtration rate (GFR) [95]. Secretion of PQ was found to be
concentration- and time-dependent, and inhibited by organic cations in rats [95]. The
mechanism of damage to the lungs involves redox cycling which leads to the formation of a
PQ radical and superoxide [96]; a similar mechanism has been proposed for renal cells.
Administration of PQ to rodents causes acute tubular degeneration, necrosis, and
hemorrhage in the kidneys within 17 to 24 h [97-99]. These histopathological changes
eventually lead to acute renal failure, which impairs the ability of the kidneys to further
excrete PQ [100-102]. Clinically, PQ toxicity presents as reduced GFR, albuminuria, and
glycosuria [103]. Ingestion of PQ at doses greater than 20 mg/kg leads to acute tubular
necrosis and renal failure in humans [102].

The proximal tubules are the primary site of PQ damage, which suggests that this portion of
the nephron is responsible for facilitating its secretion. /n vitro studies have investigated the
transport of PQ in LLC-PKj cells. These studies pointed to basolateral OCT transporters as
mediators of the uptake of PQ from the blood (Figure 2). In LLC-PK; cells, the transport of
PQ concentration in the basolateral-to-apical direction was saturable with time [104].
Additionally, transport was inhibited by organic cations, including quinine, cimetidine, and
TEA, with no change observed in the presence of organic anions. Similar results were
demonstrated in primary rat proximal tubule cells [105]. Mechanistic transport studies using
HEK?293 cells overexpressing human OCTL, 2, or 3 revealed that overexpression of OCT2,
but not OCT1 or OCT3, enhanced the accumulation (12-fold) and cytotoxicity (18-fold) of
PQ [57]. The cytotoxicity (LCsg) of PQ in HEK293-OCT2 cells was observed at 23 uM
(compared to 417 uM in control cells). Additionally, uptake of PQ in cells transfected with a
common variant of the OCT2/SL. C22A2 gene (rs316019; A270S) increased accumulation 3-
fold compared to the wild-type reference allele [57]. The SLC22A2 A270S variant has an
allele frequency between 10% and 20% in some populations [106]. While this variant is
associated with decreased metformin transport in vitro [107], the interaction of PQ with
SLC22A2 A270S enhanced PQ transport. Further investigation of this variant is needed to
understand the transport differences between substrates.

Apical secretion of PQ in the kidneys declines in the presence of certain cations including
TEA and 1-methyl-4-phenylpyridinium (MPP*), suggesting the involvement of the organic
cation/H* exchangers, MATEL and MATE2-K [105, 108]. In HEK293 cells overexpressing
human MATEL1 or rat Matel, uptake of PQ was saturable and time-dependent while empty
vector controls showed no activity [57]. The maximal rate of PQ transport in rat Matel
expressing cells was 2.5-fold higher than human MATEL1 but the two orthologs shared
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similar affinity (K, values). The cytotoxicity of PQ in HEK293 cells overexpressing human
MATEL1 revealed an LCsg value of 125 uM compared to 717 uM for vector controls [57].
Infusion of 50 mg/kg PQ intravenously in Matel-deficient mice increased renal PQ
concentrations by 147% at 90 min compared to wild-type mice [109]. Additionally, the
plasma area-under-the-curve and maximal concentration of PQ in Matel-null mice were
increased 64% and 57%, respectively, compared to wild-type controls. Matel1-null mice
administered PQ (20 mg/kg, intraperitoneally) had significantly higher mRNA levels of two
kidney injury biomarkers, N-acetyl-Beta-D-glucosaminidase (NAG) and kidney injury
molecule-1 (Kim-1) as well as enhanced necrosis and tubular degeneration compared to
wild-type mice [109]. A direct role for MATE2-K still needs to be elucidated.

Interestingly, Matel-null mice had reduced accumulation of PQ in their livers which
correlated with an induction of liver Mdrla mRNA expression [109]. However, this
compensatory increase was not seen in the kidneys. Furthermore, administration of
dexamethasone (a Mdrl inducer) to rats reduced the severity of PQ-induced pulmonary
damage, providing further anecdotal evidence supporting Mdr1 as an efflux transporter for
PQ [110]. While the authors of this study did not evaluate the effect of dexamethasone on
renal accumulation of PQ, the urinary excretion of PQ was reportedly unchanged.
Subsequent studies have further analyzed PQ transport and cytotoxicity /7 vitroin human
proximal tubule cells and HEK293 cells overexpressing MDR1 as well as in Mdrla/1b-null
mice [111]. Intracellular accumulation of PQ was reduced by 60% in MDR1-overexpressing
HEK?293 cells. Intracellular accumulation of PQ was increased by 50% in proximal tubule
cells treated with PSC833, a specific inhibitor of MDR1 or transfected with siRNA targeted
against the MDR1/ABCB1[111]. Enhanced PQ accumulation after PSC833 treatment
corresponded with a 2-fold decrease in cell viability compared to non-treated human
proximal tubule cells. Likewise, accumulation of PQ was 750% higher in the kidneys of
Mdrla/1b-null mice after 4 h [111]. Histopathology of kidney sections from Mdrla/1b-null
mice showed increased susceptibility to PQ nephrotoxicity, as manifested by epithelial cell
swelling, vacuolation, apoptosis, and necrosis compared to wild-type mice.

3.1.3. Ochratoxin A—A number of fungal by-products, called mycotoxins, cause
nephrotoxicity. These include citrinin, aflatoxin Bq, ochratoxins and others. In this review,
we will focus on ochratoxin due to the abundance of existing data regarding its renal
transport. Ochratoxin A (OTA) is a mycotoxin produced by Aspergillus ochraceous,
Aspergillus carbonarius, and Pencillium verrucosum [112]. OTA is structurally different
from ochratoxin B and C and represents the most prevalent form [113]. Human exposure to
OTA results from the consumption of contaminated small grains (barley, wheat, corn), coffee
beans, and grapes. OTA can cause various chronic tubule-interstitial syndromes including
Balkan nephropathy [114, 115]. Initial reports suggesting that mycotoxins cause
nephrotoxicity were based on observations in pigs [115, 116]. Pigs fed mycotoxins
consumed large amounts of water, urinated continuously, and had pain near the kidneys.
Although the kidneys are an important target for OTA-induced injury, OTA can also cause
neurotoxicity, teratogenicity, and immunotoxicity in rodents [117, 118].

OTA has a long circulating half-life (103 h in rats) due to extensive binding to albumin
(99%) in the serum [119]. As a result, the glomerular filtration of OTA is minimal [120,
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121]. OTA toxicity is observed in proximal and distal tubules due to reabsorption in these
portions of the nephron following secretion and to a much lesser extent, filtration [122-124].
Male Wistar rats treated with 0.5 mg/kg of OTA had impaired proximal tubule functioning,
glycosuria, and enzymuria [119]. OTA is carcinogenic in mice, with renal tumors
particularly evident in male mice [125]. The mechanism of OTA toxicity has been
characterized. OTA inhibits protein synthesis in mice by competing with phenylalanine
[126]. In addition, OTA can deplete ATP production [127], covalently bind to DNA [128], as
well as produce free radicals [129], which collectively contribute to renal cell death.

In vitro studies have shown that OTA interacts with the same transport system as other
organic anions (Figure 3) [130]. In vesicles from the renal brush border and basolateral
membranes of canine kidneys, OTA preferentially inhibited OAT-mediated transport of PAH,
without affecting organic cation transport [131]. OTA produced a dose-dependent depletion
of ATP in nephron segments, most significantly in the S2 and S3 segments of the proximal
tubules [130]. Probenecid, an organic anion inhibitor, protected against the depletion of ATP
by OTA, further supporting the involvement of the organic anion transport pathway. Similar
results have been reported in isolated renal proximal tubules from rabbits [132]. OAT1 was
identified early as a key transporter of OTA. Rat OAT1 expressed in Xenopus oocytes
mediated the sodium-independent uptake of OTA with a Km value of 2 uM [133]. S2
segment proximal tubule cells isolated from transgenic mice stably expressing human OAT1,
OAT3, or OAT4 exhibited OTA uptake, which could be competitively blocked by OAT
inhibitors (PAH, probenecid, piroxicam) [130, 134]. OAT4 is typically found on the apical
membrane of human renal proximal tubules and functions as an organic anion exchanger
with the dicarboxylate ion, glutarate [10]. Stable expression of the human OAT4/SLC22A11
gene in mouse proximal tubules increased uptake of OTA [134]. The estimated K, for
OAT4-mediated uptake of OTA was 23 pM, suggesting high affinity transport. Organic
anions, such as probenecid, penicillin G, aspartame and others, significantly inhibited the
influx of OTA by OAT4 [134]. One study has explored the interaction of organic cations
with peritubular uptake of OTA in single rabbit renal proximal tubules [135]. Inhibition of
OTA was blocked by the organic cation TEA by only 7%. Based on these studies, the
basolateral and apical uptake of OTA largely involves OAT proteins.

Other organic anion transporters that participate in the renal uptake of OTA include rat
Oatplal (formerly known as Oatpl) and rat Oat5. Oatplal is located on the apical surface
of the rat proximal tubules [136]. Rat Oatplal-mediated uptake of OTA in stably transfected
CHO cells yielded a K, of 29 uM [137]. Rat Oat5 expressed in Xenopus laevis oocytes
enabled the sodium-independent uptake of OTA (K, 0.34 UM, Vhax 0.26 pmol/oocyte/h)
[138]. Immunohistochemical staining showed that Oat5 was localized to the apical
membrane of proximal tubules in the corticomedullary regions as well as the S2 and S3
segments. Oat5 may have a counter ion specificity that is unique when compared to other
Oats since its function was unaffected by addition of dicarboxylate-type ions and urate to the
transport media for Xenopus oocytes expressing mouse Oat5 [138]. Oat-K1 is a kidney-
specific, organic anion carrier found on the apical side of the proximal straight tubules of the
rat kidney, which enables the pH-independent reabsorption of OTA [139]. OTA was found to
be reabsorbed in all nephron segments to varying degrees and was independent of pH in
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male Wistar rats [140]. Moreover, the reabsorption of OTA was inhibited by
sulfobromopthalein, a substrate of Oat-K1 in microinfused rat proximal tubules.

Multiple efflux transporters have been investigated for their ability to remove OTA from
cells. Membrane vesicles isolated from HEK cells expressing recombinant human MRP
efflux transporters were used for indirect and direct measurement of OTA transport. OTA
inhibited MRP1- and MRP2-mediated transport of PAH with ICgq values of 53 uM and 58
UM, respectively [141]. Additionally, OTA was found to be a direct substrate of MRP2 in
HEK-MRP2 cells with a net ATP-dependent transport rate of 1.2 nmol/mg protein/min at
200 M. In another study, MDR1, MRP2, and BCRP were studied as potential efflux
transporters of OTA using intestinal Caco-2 cells [142]. Caco-2 cells secreted OTA to the
apical compartment in a concentration-dependent manner while no effect on the absorptive
ability was seen. Treatment with MRP2 and BCRP inhibitors, MK571 (35% inhibition) and
Ko143 (50% inhibition), respectively, reduced OTA secretion. The MDR1 inhibitor,
PSC833, did not affect OTA transport. These studies suggest the involvement of MRP2 and
BCRP in OTA efflux. OTA has also been shown to be a substrate for other ABC-transporters
such as ABCAS, an anion pump and transporter of lipids [143]. However, the importance of
this transporter is uncertain as only faint expression has been detected in the kidneys of mice
and its localization in polarized epithelial cells is not currently known [144]. Nonetheless,
further studies in kidney cells are needed to confirm the ability of MRP2, BCRP, and
ABCAB8 to export OTA and reduce the extent of toxicity.

NPT4 is a Na*-dependent phosphate transporter of urate that is also found on the apical side
of human renal proximal tubules. Xenopus oocytes expressing human NPT4 demonstrated
time- and concentration-dependent transport of OTA (K, 802.8 + 137.3 UM, Vax

518.7+ 76.4 fmol/h per oocyte) [145]. The effect of different ionic conditions on NPT4-
mediated transport was also studied. While a lack of extracellular Na* did not affect OTA
transport, NPT4-mediated OTA transport was sensitive to changes in plasma membrane
potential and elevation of extracellular K* concentrations. The presence of an outward CI~
gradient also did not influence OTA transport.

3.1.4. Heavy Metals—Many heavy metals including lead, mercury, cadmium, copper, and
uranium can be toxic to the kidneys. Studies evaluating the transport of heavy metals and
their metabolites have shed some light on the mechanism of toxicity. Many of the heavy
metals specifically target and damage the proximal tubules, which suggests a role for active
transport processes unique to this region of the nephron. In this section, we highlight two of
the more commonly studied heavy metal nephrotoxicants, cadmium and mercury.

3.1.4.1. Cadmium: Cadmium (Cd2*) is a divalent heavy metal pollutant to which people are
exposed from various sources including cigarettes, occupational dust and fumes, food, and
water [reviewed in 146]. Much of the Cd2* absorbed into the body is through inhalation (20—
50%), whereas only 5% is absorbed by ingestion [147, 148]. Cd2* accumulates in the body
due to the absence of an efficient excretory mechanism from storage sites and a long half-
life of 10 to 30 years [148]. Cd2* exposure can lead to numerous conditions including
neurological diseases, renal dysfunction, pulmonary complications, diabetes, cancer,
immunosuppression, bone disorders, and cardiovascular diseases [149-156]. The

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

George et al.

Page 10

mechanism(s) of Cd2* toxicity are still unclear but are thought to involve the indirect
generation of superoxide and hydroxyl radicals inside cells. Such oxidative stress
subsequently stimulates cellular proliferation and alters apoptotic and DNA repair
mechanisms [157].

The kidney is one of the main targets for Cd2* toxicity. Injury to proximal tubular cells leads
to tubular necrosis, interstitial fibrosis, and glomerular epithelial cell hypertrophy in rats
[158]. With chronic exposure, tubular damage can progress to overt renal Fanconi syndrome,
denoted by glycosuria, aminoaciduria, and phosphaturia, that may culminate in renal failure
[159, 160]. An interplay between the liver and kidneys has been implicated in the toxicity of
Cd2*, In studies using rats and chickens, the majority of circulating Cd?* was bound to
albumin and transported to the liver where low molecular weight (less than 7 kDa), high-
affinity metal-binding proteins called metallothioneins (MTs) were induced [161, 162]. In
the liver, Cd2* can dissociate from albumin and bind to MT to form Cd2*-MT complexes
that are returned to the systemic circulation. Circulating Cd2*-MT complexes are freely
filtered through glomeruli and reabsorbed by tubular cells. Alternatively, Cd?* can bind to
other thiol-containing molecules such as Cys or GSH and be excreted into the bile [163—
165].

There is some evidence that basolateral transporters participate in the proximal tubule uptake
of Cd2*. Studies in Chinese hamster ovary (CHO-K1) cells transfected with rabbit
Slc22a1(Oct1) or Slc22a2 (Oct2) genes have shown that Cd2* dose-dependently inhibits the
uptake of the OCT substrate [3H]-TEA (ICsg values: Octl 96 pM and Oct2 207 uM) (Figure
4) [166]. In this study, TEA (10 mM) also reduced Cd2* (3 uM) cytotoxicity in Octl- and
Oct2-expressing CHO-K1 cells. Furthermore, administration of TEA to rats was found to
decrease Cd?* accumulation by 7-fold in the kidneys. These data indirectly suggest that the
OCT substrate TEA competes with Cd2* for transport by Octl and 2. Similarly, human
OCT?2 has been shown to transport Cd2* [167]. The possibility of other basolateral
transporters to participate in Cd2* uptake has yet to be explored. Although there are no
direct studies exploring OAT uptake of Cd?*, studies have shown that increased basolateral
uptake of cadmium (60-70%) in rat kidneys occurred after co-administration of cadmium
with Cys or GSH [165]. It is conceivable that similar to other metals such as mercury, Cys-
and GSH-conjugated Cd2* can be transported across the basolateral plasma membrane by
OAT/Oats.

There is a significant evidence suggesting that Cd2* enters proximal tubules across the apical
surface of the plasma membrane. Following glomerular filtration, the Cd2*-MT complex is
taken up by megalin and cubilin, which are multiligand, endocytic receptors [168]. Megalin
and cubilin are highly enriched on the brush border of proximal tubules and mediate various
physiological functions such as the reabsorption of proteins and vitamins and regulation of
calcium homeostasis [reviewed in 169, reviewed in 170]. Upon binding, these proteins are
transferred to lysosomes where they are degraded to release ionic Cd2*, thereby initiating
cellular damage processes [168, 171]. The ability of amino acid transporters to influx Cys-
conjugates of Cd2* was also recently studied [164]. Amino acids that are substrates of
system B0, including L-cystine, and L-arginine, as well as L-methionine reduced the
uptake of Cys-conjugated Cd?* (Cys-S-Cd-S-Cys) by 50%. Amino acids that are not
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substrates of system B%*, such as L-aspartic acid and L-glutamate, did not modulate the
uptake of Cys-conjugated Cd2*. Given these data, the authors suggested that Cys-conjugates
of Cd2* may mimic entry of amino acids through transporters systems such as system B%*:
in order to gain access across the apical membrane following filtration.

The apical transport of Cd2* may also occur through a process of “ionic and molecular
mimicry” due to size and charge similarity with essential divalent elements including iron
(FeZ%), zinc (Zn?*) and calcium (Ca2*) [reviewed in 172, 173]. Transporters for these metals
also recognize Cd2* and consequently, the systemic levels of some essential metals affect the
extent of Cd%* accumulation and distribution. Cd2* can be reabsorbed from the tubule lumen
through zinc/iron-regulated transporters (ZRT/IRT) also called ZIP proteins. ZIP8, ZIP14,
and divalent metal transporter 1 (DMT1) proteins mediate the absorption of Cd%* across the
apical side of mouse proximal tubule cells [174, 175]. Studies have shown that silencing
ZIP8, ZIP14, and DMT1 genes significantly reduced the uptake of Cd%* [174]. Deficiencies
in Fe2*, Zn2*, or Ca?* can increase Cd2* accumulation as well as susceptibility to kidney
toxicity [176]. One study revealed that low stores of Fe2* enhanced the intestinal absorption
of dietary Cd2* in both mice and humans [177]. In mice fed low calcium diets, more Cd2*
accumulated in the kidneys following oral CdCI, compared to normal diet fed controls.
Additionally, enhanced levels of intestinal MT-1 mRNA and calcium transporter 1 mRNA
were observed [178]. This suggests that more Cd2* is reabsorbed intestinally through the
deficient essential metal transporter and bound to MT, which then preferentially accumulates
in the kidneys. Wang et al. (2010) studied the acute effects of Fe2*, Zn2*, or Ca2* on apical
Cd2* transport in isolated perfused rabbit proximal tubules [164]. The presence of Fe?*,
Zn2*, and Ca%* in the lumen inhibited uptake of Cd2* by 42%, 48%, and 27-69%,
respectively. These studies showed that essential metals play several roles in modulating
Cd2*-induced cellular injury. They may competitively inhibit renal Cd%* uptake and during
periods of deficiency, there is enhancement of Cd2* absorption from the intestine, which
leads to accumulation in the kidney.

Due to the high protein binding of Cd2* in the liver and kidneys (approximately 75% in
humans) [179], the rate of excretion into urine is low. Despite the limited renal excretion of
Cd2*, research has demonstrated a potential role for active transporters in its removal.
Initially, it was shown that Cd%* increased levels of Mdr1 protein and function in the brush
border membrane of the S1 and S2 segments of rat proximal tubules [180]. Incubation of
proximal tubule cells cultured from rats with 10 uM cadmium chloride (CdCl,) led to the
time-dependent increase in the levels of Mdr1 protein over 72 h that protected against Cd2*-
induced apoptosis [180]. The Mdr1 inhibitors, verapamil, cyclosporine A, and nifedipine,
enhanced susceptibility to Cd2* toxicity in rat, LLC-PK; (Porcine Kidney) and OK
(Opossum Kidney) proximal tubule cell lines [180-182]. Additionally, MDR1 inhibitors
decreased the basolateral-to-apical transport and increased the apical-to-basolateral transport
of Cd?* in LLC-PK cells overexpressing human MDR1 [182]. These results supported the
participation of rat and human Mdrl/MDR1 in the apical efflux of Cd2*from the kidney.
More recent data support an alternate mechanism for MDR1’s ability to protect against
Cd2*toxicity. Using MDR1-MDCK cells, it was demonstrated that MDR1 could efflux
ceramide, a lipid by-product of cellular damage that contributes to renal cell apoptosis [183].
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The ability of a Cd2*/H* antiporter to efflux Cd2* has been revealed in LLC-PK; cells and
brush border membrane vesicles from rat kidneys [184, 185]. A reduction in the pH of the
culture media (from 7.4 to 5.5) decreased Cd2* accumulation by 60% and increased the
efflux of Cd2* by 15% in LLC-PK; cells treated with CdCl,. An organic cation/H* antiport
system, which may be the same as the Cd2*/H* antiporter, has been further investigated for
its ability to transport Cd2* in the presence of other cations [186]. In LLC-PK; cells,
treatment with AV ~“methyInicotinamide (NMN), cisplatin, and TEA (substrates of H* antiport
system) increased intracellular Cd2* accumulation in a concentration-dependent manner and
decreased transcellular Cd2* transport. Enhanced accumulation of Cd2* in the presence of
cations was largely due to a modest inhibition of apical Cd2* efflux presumably due to
competition. The accumulation of Cd?* was only elevated by 25% at the highest cation
concentration tested (100 uM). However, the simultaneous inhibition of basolateral transport
systems, such as Oct2, was not examined which could have contributed to the limited Cd?*
accumulation. While not demonstrated experimentally, it is likely that the above mentioned
organic cation/H™* antiport system is Mate1/2-K, which was shown to efflux the same
substrates, NMN, cisplatin, and TEA in a pH-dependent manner [52, 54, 187]. Recently, it
was shown that mouse Matel as well as human MATE1 and MATE2-K could transport Cd2*
and influence its cytotoxicity in HEK kidney cells [188].

3.1.4.2. Mercury: Mercury is a heavy metal pollutant that enters the environment through
natural or industrial processes and is found in air, soil, and water [189]. The different forms
of mercury in the environment encountered by humans include elemental mercury, organic
mercury (methylmercury; CH3Hg™) and inorganic mercury (Hg?*). Hg2* is most likely to
accumulate in the kidneys [190-194] and is a major contributor to mercury-induced renal
damage, whereas methylmercury is more likely to cross the blood-brain barrier and cause
significant adverse effects to the brain [189]. However, both exposures are important to
nephrotoxicity as methylmercury can also accumulate in the kidney and/or be converted to
Hg?2* within the body as evidenced by the time-dependent accumulation of Hg2* in
subcellular fractions of the kidneys, livers, and brains of rats exposed to methylmercury
[195-198]. The renal uptake of Hg?* is rapid since as much as 50% of a nontoxic dose can
be found in rat kidneys within a few hours after exposure [199]. Both Hg?* and
methylmercury target the proximal tubules [196-198, 200-203]. Mercury has high affinity
for sulfhydryl groups [204]; therefore in the plasma and tissues, Hg2* ions are found
conjugated to thiol-containing molecules such as GSH, Cys, homocysteine (Hcy), N-
acetylcysteine (NAC), and albumin. This strong affinity also contributes to the mechanism of
toxicity where binding of mercuric ions to critical proteins can initiate cell injury pathways.
Binding of mercuric ions to thiol-rich proteins, such as metallothionein, also increases
intracellular retention [205-207]. The Cys-conjugated species of both inorganic and organic
mercury seem to be the primary form found in proximal tubular cells. A number of
conjugated mercury species are substrates for uptake and efflux transporters, playing a role
in susceptibility to mercury toxicity.

The basolateral uptake of Hg2* and methylmercury into proximal tubules occurs primarily
by OATSs (Figure 5). Torres et al. (2011) showed that Oat1-null mice exposed to Hg?* exhibit
less renal injury as assessed by histology and biochemical endpoints including blood urea
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nitrogen (BUN) and serum creatinine (SCr) compared to wild-type mice [208]. Furthermore,
differences in the enrichment of Oatl and Oat3 proteins in male and female rats resulted in
sex-dependent susceptibility to mercury-induced kidney damage [209]. Female rats have 5-
and 3-fold lower levels of renal Oatl and Oat3 protein, respectively. In turn, mercury
chloride (HgCl,)-exposed female rats exhibited less renal impairment than male
counterparts. Human OAT1 has also been implicated in Hg?* uptake. Transfection of Madin-
Darby canine kidney (MDCK) cells with human OAT1 decreased cell viability after
exposure to mercuric conjugates of Cys, NAC, or GSH (Cys-Hg?*, NAC-Hg2*, GSH-Hg?*)
compared to control, nontransfected cells [210, 211]. Interestingly, in this cellular system,
the most toxic conjugate was found to be NAC-Hg2* (LCsq 40 uM), followed by Cys-Hg?*
(LCsq 80 pM) while the least toxic was GSH-Hg2* and did not reach an LCs at the
concentrations tested (0-100 uM). For comparison, it should be noted that the LCsgq of
HgCl, was 16 uM. Additionally, oocytes from Xenopus laevis injected with cRNA for
human OAT1 showed preferential uptake of Cys-Hg?*, but not the GSH-Hg?* [210]. PAH
inhibited the uptake of Cys-Hg2* in a dose-dependent manner. Methylmercury has also been
shown to be transported by OATSs. Treatment of male Swiss OF1 mice with the OAT
inhibitor, probenecid, reduced tubular damage from methylmercury by 80-90% [212].
Xenopus laevis oocytes expressing rat Oatl showed increased uptake of NAC-conjugated
methylmercury (Km,: 31 uM) but not Cys or GSH-conjugates. However, rat Oat3-expressing
oocytes did not transport NAC, GSH-, or Cys conjugates of methylmercury [213].
Additional studies in MDCK cells expressing human OAT1 showed that the human isoform
could mediate the uptake of Cys-, Hcy, and NAC- S-conjugates of methylmercury [214-216].
The series of in vivoand in vitro studies point to the involvement of basolaterally localized
OATSs/Oats in the uptake and renal toxicity of Hg2*, methylmercury, and their NAC, Cys,
and GSH conjugates.

After GSH-Hg?* is broken down by y-glutamyltransferase on the apical brush border
membrane to form the Cys-Hg2*conjugate, amino acid transporters mediate reabsorption
into proximal tubule cells. This was evidenced by the reduced rate of apical disappearance
flux (Jp) of mercuric conjugates following inhibition of y-glutamyltransferase in perfused
S2 segments of rabbit proximal tubules [217]. Additionally, when L-lysine or cycloleucine
were added to isolated, perfused S2 segments of rabbit proximal tubules, the transport rate
was reduced by 50%. Most likely, multiple amino acid transporters participated in the apical
influx of dicysteinylmercury including the L-cysteine, system BO*, system B?, system ASC,
and other Na*-dependent and independent systems [218]. System B%*, a transporter of
various amino acids including methionine, is localized to the apical membrane of proximal
tubule cells. Similarly, Cys and Hcy conjugates of methylmercury are structurally similar to
the amino acid methionine. It was proposed that conjugates of methylmercury might mimic
the entry of methionine into cells [219]. The uptake of Cys, GSH, and NAC conjugates of
methylmercury in perfused rabbit proximal tubule segments was inhibited by the amino
acids L-methionine and L-cysteine. Compared to control Xenopus laevis oocytes, transport
of the Cys-methylmercury conjugate was 10-fold greater in oocytes expressing the mouse
system BO* [220]. Further studies showed that the amino acid transporter mediated uptake
of Cys-methylmercury across the apical side of the plasma membrane. In rat proximal
tubule-derived NRK-52E cells grown in monolayers, uptake of Cys-methylmercury was
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attributed to a Na*-independent amino acid transporter inhibited by L-cysteine, L-leucine, L-
isoleucine, and L-phenylalanine on the apical side. PAH, probenecid, and glutarate did not
affect uptake, suggesting apical uptake was not mediated by Oats [214].

Mercury is known to be a substrate of the apical efflux transporters, Mrp2 and Bcrp.
Exposure of killifish proximal tubule cells to HgCl, reduced Mrp2 transport of fluorescein
methotrexate (a substrate for MRP2) [221]. Since Hg?* accumulation was not measured in
this study, this effect could be secondary to cellular toxicity. However, other results suggest
that reduced Mrp2 transport by HgCl, may be the direct result of inhibited transporter
function. Treatment of MDCK cells with HgCl, showed a dose-dependent induction of
Mrpl and Mrp2 mRNA and protein levels compared to vehicle-treated MDCK cells [222].
HgCls inhibited the growth of MDCK cells, which was further enhanced in the presence of
the Mrp inhibitor, MK-571 [222]. Moreover, MK-571 increased the intracellular
accumulation of Hg2* (30% higher), pointing to a role for Mrps in the efflux of this metal
[222]. Compared to control vesicles, there was 1.5- to 2-fold greater transport of Cys-S-
conjugates of Hg2* and methylmercury in membrane vesicles expressing MRP2. /1 vivo,
TR~ (transport deficient) rats treated with HgCl,, Cys-S-Hg-S-Cys, and Cys-methylmercury,
but not methylmercury, demonstrated slightly higher renal burden and lower mercury
concentrations in the urine (4- to 10-fold) relative to control rats [223]. Recent studies
examined the role of Mrp2 in the site-specificity of Hg2*-induced nephropathy [224]. TR~
rats lacking AbccZ/Mrp2 expression and Mrp2-null mice exhibited different patterns of
nephropathy compared to control Wistar rats and FVB mice, respectively. TR™ rats treated
with 1.5 and 2.25 uM/kg Hg?* and Mrp2-null mice treated with 18.5-19.5 uM/kg Hg%*
displayed cellular injury and death in the S1 and S2 segments of proximal tubules, whereas
Wistar rats and wild-type mice exhibited S3 segment injury. Evidence of the differential
pattern of injury and accumulation of Hg2* is indicative of Mrp2 heterogeneity and heavy
metal handling along the nephron in rodents. It was proposed that proximal portions of
tubules may secrete Hg2* into the lumen via Mrp2 for subsequent reabsorption in the distal
S3 segment where the toxic effects are exerted [224].

Interestingly, polymorphisms in the ABCCZ gene that encodes MRP2 were associated with
the differential excretion of mercury in subjects from Indonesia, the Philippines, Tanzania,
and Zimbabwe [225]. In the subgroups with the highest exposures (found in Zimbabwe),
subjects with the MRP2 ABCCZ2 variant (rs1885301; G/A) variant (N=146) had 166%
higher concentrations of mercury in the urine than those with the wild-type allele (p=0.027).
The G > A polymorphism (rs1885301) results in loss of a transcription-factor binding site
(Fetal Alz-50 clone 1, FAC1) and gain of another site (FAST-1 SMAD interacting protein) in
the 5 UTR. Although the functional role of these changes is unknown, they may enhance
MRP2 activity. By comparison, carriers of a non-synonymous polymorphism in MRPZ/
ABCC2(rs2273697; G/A) had 2.2-fold lower urinary concentrations of mercury, suggesting
decreased function. However, the influence of these SNPs on MRP2 mRNA and protein
levels in kidneys as well as susceptibility to Hg2*-induced nephrotoxicity remains unclear.
Nonetheless, these data further support a role for MRP2 in the excretion of mercury
conjugates from the kidneys.
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In addition to Mrp2/MRP2, the Bcrp transporter can participate in the efflux of mercuric
species from proximal tubules. Uptake of the Cys-conjugate of Hg2* in inside-out membrane
vesicles expressing mouse Bcrp was 5-fold higher than control vesicles [226]. Furthermore,
Berp-null rats treated with HgCl, have 1.5-fold higher renal concentrations of Hg2* than
wild-type rats. Hematologic, hepatic, and fecal burden of Hg2* were also greater in Bcrp-
null rats compared to wild-type rats. Histopathologic analysis, SCr, and BUN indicated
increased severity of renal injury in Berp-null rats at the doses (1.5 and 2 uM/kg HgCl,)
tested. At lower doses (0.5 and 1.5 pM/kg), the decrease in urinary excretion of Hg2* in
Berp-null rats correlated well with greater renal accumulation. However, Berp-null rats
treated with a higher dose (2 uM/kg) showed an increase in urinary excretion of Hg2*
compared to corresponding wild-type rats. This may be due to enhanced kidney damage or
compensation by other efflux proteins such as Mrp2. Differences in the pattern of mercury-
induced nephropathy in transport deficient rodent models pointed to distinct roles for Berp
and Mrp2 in Hg2* efflux. Unlike Mrp2-deficient mice and rats, which exhibit mercury-
induced necrosis on the outer cortex (where S1 and S2 segments are located), Bcrp-null rats
exposed to nephrotoxic doses of mercury chloride exhibited necrosis on the inner cortex and
the outer strip of the outer medulla (S3 segments). These disparate findings are likely due to
the segmental differences in the distribution of the Bcrp and Mrp2 proteins as well as their
intrinsic ability to transport conjugated forms of mercury. Collectively, these studies point to
multiple mechanisms for the elimination of Hg2* from proximal tubule cells.

The uptake of mercury across the brush border membrane can be inhibited leading to a
lower extent of tubular injury. Application of the heavy metal chelator, DMPS, on the apical
surface of isolated rabbit proximal tubules enhanced the urinary secretion of methylmercury
[219]. DMPS diminished the apical influx of Cys-methylmercury suggesting that DMPS
conjugates of mercury formed in the tubule lumen are not reabsorbed. Others have
demonstrated that DMPS also plays a role in reducing the proximal tubular uptake and
toxicity mediated by Hg?*. In isolated perfused rabbit proximal tubule cells, addition of
DMPS to Hg?*at the basolateral or apical surface resulted in very little to no uptake of Hg2*
or toxicity [227]. These studies are evidence that Hg2* or methylmercury bound to DMPS
are poor substrates for proximal tubule transporters.

In vivo, Mrp2 plays a significant role in the secretion of Hg2* and methylmercury from
proximal tubule cells after administration with DMPS [228-230]. TR~ rats that lack Abcc2/
Mirp2 expression exhibited less Hg2* in urine and feces and greater renal burden of Hg2*
than control Wistar rats following injection with HgCl,, conjugated Hg2* (Cys-Hg2* or Hcy-
Hg?*), or methylmercury. Once treated with DMPS, the renal content of Hg2* was reduced
and urinary excretion was increased, however to a lesser extent in TR- rats (7-fold higher
Hg?* in total renal mass, 2.5-fold lower Hg?* excretion) [228-230]. To further understand
the role of other human MRP isoforms in the disposition of DMPS-S-conjugates of Hg?*,
inside-out membrane vesicles expressing human MRP4 were used [231]. Although human
MRP2-containing vesicles transported DMPS-S-conjugates of Hg2* (1.7-fold), uptake into
human MRP4-containing vesicles did not differ from controls. These data indicate that at
least a portion of DMPS-induced elimination of Hg2* and methylmercury occurs through
MRP2/Mrp2. In addition, Bcrp may also play a role in the elimination of DMPS-Hg?*.
Compared to control vesicles, the DMPS-conjugate of Hg2* accumulated to 5-fold greater
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concentrations in inside-out membrane vesicles expressing mouse Bcrp [226]. Further
studies are needed to determine the affinity of human BCRP for the DMPS-conjugates of
methylmercury and to assess the /n7 vivo ability of BCRP to facilitate urinary secretion.

3.2. Pharmaceuticals

An important dose-limiting adverse effect of a number of pharmaceuticals is nephrotoxicity,
which in turn reduces their overall utility as therapeutic agents. This section will highlight
several examples of therapeutic classes and/or specific drugs that are associated with direct
tubular injury due to transporter-mediated accumulation.

3.2.1. Beta-lactam antibiotics—Beta-lactam antibiotics include penicillins,
cephalosporins, and carbapenems. Structurally, these medications are cyclic dipeptides
containing lactam rings that react with bacterial carboxypeptidases to prevent cell wall
synthesis [232]. The antibacterial spectrum of naturally-occurring beta-lactams was
broadened by modifying the main structure to enhance reactivity [233]. However, increased
reactivity in the early development of cephalosporins and carbapenems resulted in a greater
propensity for nephrotoxicity [234]. Nephrotoxic beta-lactams can produce structural
damage and proximal tubule necrosis in rabbits and various other laboratory species within
24 hours [235-237]. The mechanism(s) underlying tubular injury include the ability of beta-
lactams to actively accumulate in renal proximal tubular cells, acylate proteins [238], and/or
induce lipid peroxidation (for cephaloridine) [239-241]. The side group substitutions of
beta-lactams greatly affect transport rates and protein reactivity and hence contribute to the
varying degrees of nephrotoxicity [242, 243]. Very few cephalosporins cause tubular damage
at therapeutic doses. Cephaloridine, a first generation cephalosporin which is nephrotoxic at
therapeutic doses, is no longer used. However, cephaloridine remains a classic example of
how transport can be a critical determinant of drug-induced renal injury.

Single, high doses of cephaloridine lead to proximal tubule necrosis in rats, dogs, and other
various laboratory species [244-246]. This injury was prevented by administration of
probenecid along with cephaloridine [247]. Further studies revealed that a lower
concentration of cephaloridine was found in cortical regions of rabbit kidneys after
probenecid treatment compared to animals treated with cephaloridine alone [246]. These
data indicated that cephaloridine interacted with Oat transporters on the basolateral
membrane. Mouse S3 proximal straight tubule cells stably expressing rat Oatl were used to
study the uptake of radiolabeled PAH and cephaloridine. Oat1-expressing cells treated with
cephaloridine exhibited dose-dependent inhibition of [14C]-PAH uptake, 2-fold increase in
[14C]-cephaloridine uptake, decreased viability, and increased lipid peroxidation compared
to vector-expressing cells (Figure 6). Probenecid treatment diminished the effect of
cephaloridine on cell viability as well as lipid peroxidation by 1.5- to 2-fold [248]. Other
studies have also shown involvement of rat Oat3 in cephaloridine-induced nephrotoxicity
[249]. Proximal tubule cells stably expressing rat Oat3 (both basolaterally and apically)
exhibited higher [*C]-cephaloridine uptake and cytotoxicity that was reversed by
probenecid treatment. More recent studies showed that cephaloridine inhibited organic anion
uptake in proximal tubule cells stably expressing human OAT1-3 in a competitive manner
(K; OAT1: 0.74 mM, OAT2: 2.09 mM, OAT3: 2.46 mM) [12, 250]. Cephaloridine (5 mM)
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decreased the viability of proximal tubule cells expressing OAT1, OAT2, or OAT3 (30—
50%), which could be reversed by probenecid in OAT1- and OAT3-expressing cells. These
studies indicated that both rat and human OATs were involved in the uptake of
cephaloridine, and possibly other cephalosporins, across the basolateral plasma membrane.

In studies by Takeda et. al., (2002) exploring the interaction of human OATs with
cephalosporins, cephaloridine competitively inhibited organic anion uptake 31-fold in
isolated proximal tubule cells expressing the human OAT4 transporter (Kj OAT4: 3.63 mM)
[12]. Cephaloridine also decreased the viability of OAT4-expressing proximal tubule cells
by 40%, which was modestly reversed by probenecid. OAT4 and additional transporters,
such as the organic cation/carnitine transporter OCTNZ2, present on the apical surface likely
reabsorb cephaloridine from the tubular lumen. Human OCTNZ2-expressing HeLa cells
exhibited cephaloridine uptake compared to vector-transfected cells where cephaloridine
accumulation was undetectable [28]. While other cephalosporins were reported to interact
with the human PEPT1 and rat Pept2 peptide transporters, cephaloridine does not. More
recently, mouse Octn2 was also shown to play a role in the apical uptake of cephaloridine.
Experiments with juvenile visceral steatosis mice, which have a functional deficiency in the
Octn2 gene, showed increased renal clearance of cephaloridine [251]. Furthermore, direct
uptake of cephaloridine was shown in Xenopus laevis oocytes expressing mouse Octn2 (Kp:
3 mM). This accumulation of cephaloridine could be inhibited by the Octn2 substrates,
carnitine (ICsg: 14.8 uM) and TEA (0.68 mM).

Early studies suggest that cephaloridine might also interact with an apical cation transport
system. Administration of a cationic transport inhibitor, cyanine 863, before or after
cephaloridine administration to rabbits resulted in 2- to 3-fold greater susceptibility to
nephrotoxicity [252]. PAH and TEA accumulation were measured in slices from rabbit renal
cortical tissue and accumulation of each chemical was reduced 2-fold by pretreatment with
cyanine 863. However, the cationic substrates quinine and NMN showed a small or no
effect, respectively, on the extent of nephrotoxicity or PAH/TEA accumulation. The authors
suggested that the efflux of cephaloridine was mediated by a cationic transporter, and that
inhibition of this system increased susceptibility to toxicity. However, since direct
measurements of intracellular concentrations of cephaloridine were not made in this study, it
was hard to conclude that a definite interaction exists. Additional studies using cells
expressing specific cationic transporters, such as the MATEs, are needed to understand the
efflux of cephaloridine and related beta-lactams from tubular cells.

It is important to note apparent species differences that have been reported [253, 254].
Cephaloridine inhibited NMN transport across basolateral membrane vesicles isolated from
rabbits; however, no differences were observed in basolateral membrane vesicles isolated
from rats or dogs. Conversely, cephaloridine did inhibit NMN transport in brush-border
membrane vesicles from rat and dogs (56%), suggesting similar interactions with apical
cation transporters in these species.

There are very few known efflux mechanisms for cephaloridine. Future studies are unlikely
given the infrequent clinical use of cephaloridine and increased availability of minimally
nephrotoxic beta-lactam alternatives. Cephaloridine did not affect MRP4-mediated ATP-
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dependent uptake of [3H]dehydroepiandrosterone in membrane vesicles [255]. However,
other cephalosporins tested in this study did show inhibitory effects. Uptake studies of
membrane vesicles from Sf9 cells expressing rat Mrp2, rat Berp, and human MRP2 revealed
increased uptake of high molecular weight cephalosporins by all three transporters [36].
These apical efflux transport pathways (Bcrp and MRP2/Mrp2) may be important for the
toxicity of other renally-cleared cephalosporins which warrants further study in proximal
tubule cells.

3.2.2. Antiviral Drugs—Several potent medications are being used successfully to treat
viral infections caused by cytomegalovirus, herpes virus, and retroviruses. Antiviral drugs
differ in their mechanism of action. Nucleotide analogs, including cidofovir, adefovir, and
tenofovir, are structurally-related to endogenous nucleotides. This structure allows the drugs
to be incorporated into viral DNA by reverse transcriptase [256]. Nucleotides, unlike
nucleosides, contain phosphonate groups, allowing them to skip the phosphorylation step
before incorporation into viral DNA [reviewed in 257]. Despite their efficacy, the clinical
use of nucleotide analogs can be limited by their propensity to cause nephrotoxicity. Thirty-
five and sixty percent of the intravenously administered doses of cidofovir and adefovir,
respectively, are renally secreted and have been shown to accumulate in proximal tubules at
higher concentrations than in other organs [258, 259]. Dose-limiting nephrotoxicity can be
observed in nearly 15% of treated patients [260]. Renal-related side effects reported in
patients prescribed antiviral agents include Fanconi syndrome, progressive declines in
kidney function, diabetes insipidus, and tubular dysfunction [260]. Most often,
nephrotoxicity tends to occur in patients with pre-existing renal disease and those
administered antiviral drugs for prolonged periods or prescribed concomitant nephrotoxic
agents [260]. The pathophysiological changes are multifactorial and include acute tubular
necrosis possibly through direct mitochondrial damage [261].

Cidofovir, adefovir, and tenofovir are anionic drugs efficiently transported by human OAT1
(Figure 7) [262—264]. Overexpression of human OAT1 in CHO cells caused a 500-fold
increase in the extent of cytotoxicity for these drugs [262—264]. Likewise, human OAT3 also
mediated the time-dependent uptake for adefovir, cidofovir, and tenofovir [265]. It should be
noted that OAT1 was found to be a more efficient transporter of adefovir, cidofovir, and
tenofovir compared to OAT3. Other antiviral drugs including acyclovir and ganciclovir were
also revealed as substrates of OAT1, OAT2, and OCT1 [266, 267]. By comparison, OCT2
did not mediate the uptake of adefovir, cidofovir, tenofovir, acyclovir, ganciclovir, or
penciclovir [267]. Further studies compared the potency of adefovir, cidofovir, and tenofovir
for hOAT 1-mediated transport. From most potent to least potent are: adefovir (Kp,: 23.8
UM), tenofovir (Ky: 33.8 pM), cidofovir (Ky,: 58.0 uM) [268]. Cytotoxicity was also
compared in CHO cells expressing hOAT1: adefovir (ICsq: 1.4 uM), cidofovir (ICsq: 3.0
uM), and tenofovir (ICsq: 21.0 uM). These data may partially explain the lower incidence of
nephrotoxicity associated with tenofovir, compared to adefovir [269]. However, other factors
such as reactivity to intracellular components, likely also play a role in susceptibility to
injury.

The ability of tubular cells to efficiently efflux nephrotoxic antiviral drugs is a critical
determinant of the extent of toxicity. To date, a variety of renal transporters have been
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investigated for their ability to efflux nucleotide phosphonates. Using intact renal proximal
tubules from Killifish, Miller et al. (2001) tested the interaction of adefovir and cidofovir
with fluorescent substrates of efflux transporters [270]. Fluorescein-methotrexate was used
as the substrate of Mrp2 whereas a fluorescent cyclosporine A analog was used as the
substrate of Mdr1. Both adefovir and cidofovir reduced the apical accumulation of
fluorescein-methotrexate. Notably, cidofovir inhibited transport activity more potently than
adefovir (adefovir ICsq: 50 pM; cidofovir 1Csq: 10 uM). However, even at high
concentrations (250 uM), adefovir and cidofovir failed to alter the transport of the
fluorescent cyclosporine A analog, possibly indicating no interaction with Mdr1. Although
these studies indicate a potential interaction of these chemicals for the same efflux transport
pathway, direct measurements or transport kinetics were not assessed. Further studies
pointed to a limited role for the human MRP2 transporter in adefovir and cidofovir efflux.
Inverted membrane vesicles expressing human MRP2 and BCRP showed no ATP-dependent
uptake of [3H]-adefovir or [3H]-cidofovir [271].

The MRP4 transporter is likely more relevant than MRP2 for the apical efflux of nucleotide
phosphonate drugs in humans. Initial evidence revealed that MRP4 was overexpressed in an
adefovir-resistant human T-lymphoblast CEM cell line [272]. Indeed, the overexpression of
the human MRP4 and MRPS5 transporters in HEK293 cells conferred resistance to
cytotoxicity for a range of acyclic nucleotide phosphonates including adefovir, but with the
exception of cidofovir [273]. Inverted membrane vesicles prepared from HEK293-MRP4
cells accumulated [3H]adefovir and [3H]tenofovir in a concentration-dependent manner (K,
> 1 mM) which was inhibited by the MRP4 substrate, dehydroepiandrosterone sulfate [271].
By contrast, no transport of [3H]cidofovir was observed. Imaoka et a/. (2007) also examined
the transport of antiviral agents by Mrp4 /n vivo [271]. Mrp4-null mice had reduced tubular
secretion and exhibited a 2-fold increase in the kidney accumulation of adefovir and
tenofovir compared to wild-type mice. Consistent with data obtained from membrane
vesicles, the kidney concentration of [3H]cidofovir did not differ between Mrp4-null and
wild-type mice. Taken together, these data point to MRP4 as a low affinity transporter for
the secretion of adefovir and tenofovir, but not cidofovir. Although nucleotide phosphonates
have similar structures, it is evident from these studies that transporter affinities among this
class of medications may contribute to the varying degrees of toxicity reported.

3.2.3. Cisplatin—Cisplatin (c/s-diamminedichloroplatinum Il) is an antineoplastic drug
used to treat solid tumors in the lung, testis, ovary, cervix, bladder, and colon. The primary
mechanism for cisplatin’s efficacy is the ability to bind DNA and form inter- and intrastrand
adducts, which prevent cancer cell replication. Nephrotoxicity is a major dose-limiting side-
effect of cisplatin along with peripheral neuropathy, ototoxicity, vomiting, and diarrhea. Up
to a third of patients treated with high doses (100 mg/m2) of cisplatin suffer from
nephrotoxicity [274]. Upon entry inside proximal tubule cells, cisplatin undergoes
biotransformation to aquated intermediates which leads to intercalation of DNA and adduct
formation on proteins. Early work demonstrated that cisplatin was actively transported into
renal tubules [275], but it was not until recently that researchers identified the transporters
responsible for this process.
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Early /n vitro studies highlighted the existence of a transport system for cisplatin on the
basolateral side of proximal tubules (Figure 8) [276-278]. Application of cisplatin to the
basolateral side of MDCK cells resulted in a loss of epithelial monolayer integrity, as
measured by transepithelial electrical resistance [279]. Furthermore, the OCT2 inhibitor,
cimetidine, was able to partially reverse the drop in electrical resistance in cisplatin-treated
cells. Other studies demonstrated that cisplatin inhibited the uptake of a fluorescent OCT2
substrate, 4-[4-(dimethylamino)styryl]-N-methylpyridinium (ASP*) into HEK293 cells
stably transfected with the human OC72gene and in freshly isolated human proximal
tubules [22]. Increased platinum accumulation and injury in HEK293 cells expressing OCT2
was inhibited by cimetidine in a concentration-dependent manner [22, 280]. Assessment of
additional basolateral organic ion transporters, including OCT1, OCT3, OAT1, and OAT3,
showed that only OCT1 had the potential to increase cisplatin cytotoxicity; however, to a
lesser degree than OCT2. Uptake transporters on the apical side of proximal tubules, such as
OCTNL1 and OCTN2, did not increase transport of cisplatin suggesting they are not involved
in reabsorption [280].

Building on prior /n vitro studies, Filipski et al. (2009) utilized double Oct1/Z-null mice and
demonstrated a 50% reduction in the urinary excretion of cisplatin [281]. Reduced secretion
of cisplatin in the Oct1/2-null mice correlated with less acute renal tubular necrosis as well
as minimal changes in BUN and SCr. There are conflicting reports regarding the importance
of genetic polymorphisms in OCT2/SLC22A2 on cisplatin disposition and acute kidney
injury in patients. Several studies have observed an association between a loss-of-function
genetic variant at position 808G>T (rs316019) and protection from kidney injury in
cisplatin-treated cancer patients (n=78 Filipski et al.; n=53 lwata et al.; n=123 Zhang et al.)
[281-283]. The rs316019 variant was not associated with changes in the systemic clearance
or plasma concentrations of cisplatin. However, a separate study of patients with esophageal
cancer (n=95) treated with cisplatin and 5-fluorouracil revealed no relationship between
changes in eGFR in individuals who were homozygous wild-type (808GG) compared to
individuals carrying the variant allele (808GT+TT) [284]. Further studies are needed to
validate this polymorphism as a predictor of likelihood for cisplatin kidney injury.

Recent research has also suggested that the copper transporter 1 (CTR1) is an additional
basolateral uptake carrier for cisplatin. Down-regulation of endogenous CTR1 protein levels
in HEK293 cells using copper chloride (CuCl,) (100 uM) or siRNA significantly lowered
cisplatin uptake [285]. Cellular apoptosis and necrosis were decreased in both HEK293 cells
and rat proximal tubule cells treated with cisplatin after CTR1/Ctr1 knockdown. Finally,
CTR1 knockdown and concomitant treatment with cimetidine resulted in the additive
reduction of cisplatin uptake in HEK293 cells [285], suggesting a combined
nephroprotection due to inhibition of OCT2 and CTR1 function. However, there are
conflicting studies which dispute a role for CTR1 in cisplatin uptake. In a separate study,
HEK cells overexpressing human CTR1 did not increase the rate of cisplatin influx [286].
The cisplatin-sensitive ovarian cancer cell line A2780 has 2-fold higher levels of human
CTR1 and greater cisplatin influx compared to the resistant cell line A2780CP. However,
SiRNA knockdown of CTR1 in A2780 cells did not affect cisplatin uptake; it should be
noted that OCT2 levels following CTR1 knockdown were not quantified since induction of
this alternate uptake carrier could shift the uptake pathway for cisplatin [286]. While
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evidence suggests a potential interaction between cisplatin and CTR1, /n vivo studies are
needed to determine its role in the drug’s renal secretion.

As described above, the transepithelial transport of organic cations is often mediated by
uptake through OCT2 that is coupled to secretion by the MATE1 and 2-K transporters across
the brush border membrane. There are conflicting data regarding the use of intracellular
acidification to demonstrate MATE1 uptake of cisplatin. In HEK293 cells overexpressing rat
Matel, human MATEZL, or human MATE2-K, there was no difference in cisplatin uptake
compared to empty vector cells under acidified intracellular conditions using 30 mM
ammonium chloride for 20 min [23]. Subsequent studies showed, however, that treatment of
mouse Matel-HEK293 cells with 30 mM ammonium chloride did markedly increase
transport and accumulation of platinum 4-fold compared to empty vector cells [187].
Differences in pH conditions, which were not always reported, could have led to the
discrepant findings.

The involvement of Matel in cisplatin secretion has also been confirmed /n vivo. Matel-null
mice treated with 15 mg/kg cisplatin intraperitoneally exhibited higher cisplatin plasma and
renal concentrations and greater susceptibility to nephrotoxicity compared to wild-type mice
[187]. Additionally, the Matel inhibitor pyrimethamine enhanced renal injury in wild-type
mice. Another study was conducted to assess the association between a genetic
polymorphism in MATEI (rs2289669; G>A) along with the systemic exposure and toxicity
of cisplatin (doses of 60 to 80 mg/m?) in patients (n=53) with advanced carcinomas [282].
The results showed no significant differences in SCr, eGFR, BUN, or plasma concentration
of cisplatin among patients with and without this variant. Although there is clear evidence
that cisplatin is a substrate for MATE1, the extent of MATE1 involvement in cisplatin
secretion in humans requires further study.

Another important transporter associated with cisplatin extrusion from proximal tubules is
Mrp2. Early studies demonstrated that Mrp2 could efflux glutathione conjugates of cisplatin
from mouse cancer cells [287-289]. Overexpression of the human MRP2 transporter was
shown to increase cisplatin resistance 10-fold in HEK293 cells [287] and reduce cisplatin
accumulation by 30% in LLC-PK1 cells [288]. An initial /n7 vivo report suggested that the
disposition and extent of toxicity of cisplatin were similar in Mrp2-null and wild-type mice,
as demonstrated by the urinary excretion of platinum and kidney histology [290]. However,
in the study by Sprowl et al. (2012), accumulation of platinum in mouse kidneys was not
assessed [290]. More recently, Wen ef al. (2014) found that cisplatin inhibited transport of
the MRP2/Mrp2 substrate 5(6)-carboxy-2",7’-dichlorofluorescein by 70 to 80% in vesicles
expressing mouse Mrp2 and human MRP2 [291]. Furthermore, Mrp2-null mice treated with
cisplatin exhibited 2-fold higher BUN levels, a greater increase in SCr concentration, and
more severe proximal tubule degeneration and necrosis compared to wild-type mice. Kidney
concentrations of platinum in Mrp2-null mice were 30% higher than those observed in wild-
type mice. Transgenic expression of the human MRPZ2/ABCCZ gene in Mrp2-null mice
reduced the accumulation of platinum in the kidneys to levels observed in wild-type mice
without altering plasma platinum levels. Nephrotoxicity was also reduced in humanized
MRP2 mice compared to Mrp2-null mice [291]. These data show direct /n vivo evidence of
the involvement of MRP2 in the efflux of platinum species and nephroprotection.
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4. Summary

Transporter proteins in the kidneys coordinate the secretion and/or reabsorption of
structurally-diverse chemicals including heavy metals, herbicides, mycotoxins, and drugs.
Because of their critical role in the overall disposition of xenobiotics, transporters regulate
the renal exposure and subsequently the toxicity of xenobiotics. Beyond the chemicals
described in this review, other commonly prescribed nephrotoxic drugs as well as
environmental toxins share the same renal transport pathways responsible for clearance.
These include additional antibiotics, immunosuppressant drugs, and other heavy metals. The
use of /n vitro models of transporter-stably expressing cell lines and renal proximal tubule
cells have been a routine experimental approach thus far. These experimental tools have
been instrumental in studying both transporter-mediated toxicities as well as drug-drug
interactions and have been helpful alternatives to using /7 vivo models. Scientists in the field
have a growing understanding of the potential for different carriers and pumps to contribute
to chemical secretion. However, more research is needed to assess the redundancy of
transporters, the influence of genetic variants on the disposition and toxicity of
nephrotoxicants, the intracellular unbound concentrations of nephrotoxicants as well as the
molecular mechanisms that regulate transporter expression and function in the kidneys. New
renal tubule models, including a growing availability of primary human proximal tubule
cells, cells transfected with multiple transporters, and kidneys-on-a-chip [292], hold great
promise to address these critical gaps in the literature and provide novel approaches to
screen for drug interactions and nephrotoxicity.
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Figure 1. Transport of S-1,2,-dichlorovinyl-L-cysteine (DCVC) and N-acetyl-DCVC

Organic anion transporter 1 (OAT1) transports DCVC and N-acetyl-DCVC across the

basolateral membrane of proximal tubules while amino acid transporters, such as system
ASC, A, and L, reabsorb the metabolites of trichlorethylene on the apical surface. N-acetyl-
DCVC is removed from renal cells by multidrug resistance-associated protein 2 (MRP2),

whereas DCVC is not.
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Figure 2. Transport of Paraquat

Organic cation transporter 2 (OCT2) is primarily responsible for the accumulation of
paraquat (PQ) in proximal tubules whereby redox cycling results in toxicity. Efflux of PQ
takes place through the multidrug and toxin extrusion protein 1 (MATEZL) and multidrug

resistance protein 1 (MDR1).
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Figure 3. Transport of Ochratoxin A
Various organic anion transporters (OATS) are involved in the uptake of ochratoxin A (OTA)

into proximal tubules including OAT1, 3, and 4. Other uptake transporters include the
organic anion transporting polypeptide 1al (Oatplal). Efflux of OTA likely occurs through
the multidrug resistance-associated protein 2 (Mrp2), breast cancer resistance protein
(BCRP), and Na*-dependent phosphate transporter (NPT4).
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Figure 4. Transport of Cadmium
Cadmium (Cd2*) is bound to albumin in the circulation after absorption. In the liver, Cd2*

forms a complex with metallothioneins (MT) that are released into the circulation. Cd?* also
binds to thiol-containing groups such as L-cysteine (Cys) and glutathione (GSH). After
filtration, the Cd2*-MT complexes are reabsorbed by megalin and cubulin into the proximal
tubules on the apical side and undergo degradation to ionic Cd2*. Cd2* also displays
“molecular mimicry” and uses divalent metal transporters (DMT1, divalent metal ion
transporter-1) and zinc/iron proteins (ZIP8/14, zinc/iron-regulated transporter 8/14) for
reabsorption. Amino acid transporters, such as system B%*, may also reabsorb Cys-
conjugates of Cd2* on the apical plasma membrane. Organic cation transporter 2 (OCT2)
(and possibly Oct1 in rodents) may also influx Cd2* across the basolateral side of tubule
cells. Multidrug resistance protein 1 (MDR1) and multidrug and toxin extrusion protein 1
and 2-K (MATE1/2-K) contribute to the limited Cd?* that is secreted.
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Figure5. Transport of Mercury
Mercury (Hg?*) and methylmercury (CHsHg?*) bind to sulfhydryl groups including thiol-

containing molecules such as glutathione (GSH), cysteine (Cys), homocysteine (Hcy), and
N-acetylcysteine (NAC). These conjugated mercury species are taken up basolaterally by
organic anion transporters (OAT) and apically by amino acid transporters including L -
cysteine, system B%*, and Na*-dependent low-affinity L -systems. Efflux transporters on the
brush border membrane include multidrug resistance-associated protein 2 (MRP2) and
breast cancer resistance protein (BCRP).
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Figure 6. Transport of Cephaloridine
On the basolateral side of the plasma membrane, cephaloridine (CED) is taken into tubule

cells by the organic anion transporters 1, 2, and 3 (OAT 1, 2, 3) whereas OAT4 and the
organic cation/carnitine transporter 2 (OCTNZ2) mediate uptake on the apical side. Efflux
transporters for cephaloridine are largely unknown and may involve multidrug and toxin
extrusion protein 1 and 2-K (MATE1/2-K).
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Figure 7. Transport of Antiviral Drugs

Anionic antiviral (AV) drugs are transported into renal cells by the organic anion
transporters 1 and 3 (OAT1, 3) and removed from proximal tubules using the multidrug
resistance-associated proteins 2 and 4 (MRP2, 4).
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Figure 8. Transport of Cisplatin
Cisplatin is taken up into the proximal tubules by the organic cation transporter 2 (OCT2)

and also possibly by copper transporter 1 (CTR1). Cisplatin is removed by efflux using the
multidrug and toxin extrusion protein 1 (MATE1). Cisplatin also further conjugates with
glutathione (GSH) in the proximal tubules and has been proposed to undergo secretion by
the multidrug resistance-associated protein 2 (MRP2).

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 September 08.



	Abstract
	Graphical Abstract
	1. Introduction
	2. Renal Transporters
	2.1. Uptake Transporters
	2.2. Efflux Transporters

	3. Prototypical Nephrotoxicants
	3. 1. Environmental Chemicals
	3. 1.1. Trichloroethylene
	3.1.2. Paraquat
	3.1.3. Ochratoxin A
	3.1.4. Heavy Metals
	3.1.4.1. Cadmium
	3.1.4.2. Mercury


	3.2. Pharmaceuticals
	3.2.1. Beta-lactam antibiotics
	3.2.2. Antiviral Drugs
	3.2.3. Cisplatin


	4. Summary
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

