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ABSTRACT: Transporters are large membrane proteins, which control the passage of various compounds
through biological membranes. These proteins are divided into uptake and efflux transporters and play an
important role in the toxicokinetics of many endobiotics and xenobiotics. The uptake transporters facilitate the
absorption of these compounds from the blood into the proximal tubular cells, while the efflux transporters
eliminate these compounds into tubular fluid (urine). Overall, the uptake is performed by the superfamily solute
carrier (SLC) transporters, which are, mostly, located in the basolateral membrane. The organic anion transporters
(OATs; SLC22), the organic cation transporters (OCTs; SLC22), the organic cation/carnitine transporters
(OCTNSs), and the organic anion transporting polypeptides (OATP; SLC21/SLCO) are some examples of uptake
transporters of the SLC superfamily. On the other hand, the superfamily ATP-binding cassette (ABC) transporters
carry out the elimination of the substances through the apical membrane of the proximal tubular cells. The
multidrug resistance proteins 1 (MDR; ABCB), the multi resistance protein (MRP2; ABCC) and the breast cancer
resistance protein (BCRP, ABCG) along with the multidrug and toxin extrusion (MATE), which is an SLC
transporter, carry out the substance efflux of the cell, However, uptake transporters seem to be more efficient than
efflux transporters, leading to an accumulation of compounds in proximal tubular cells and, consequently, to renal
damage. The accumulation of compounds can also occur due to variations in the number of transporters that exist
due to differences in sex, age, genetic polymorphisms and epigenetics. Furthermore, some substances can inhibit,
induce or, eventually, activate these transporters, with consequent drug-drug interactions (DDIs) as a result of
alterations on the toxicokinetics of xenobiotics, leading to an increase of their accumulation and, consequently,
to renal damage. These compounds may be exogenous, such as antibiotics, antivirals, cisplatin, metals,
herbicides, mycotoxins and drugs; or endogenous, like uric acid, bile acids, bilirubin conjugates and conjugated
steroids. Thus, in this review, we will focus on the accumulation of exogenous compounds due to variations on
renal transporters and the consequent biological effects caused by them.
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INTRODUCTION tensives; and extracellular fluid status, which can
cause alterations to blood flow resulting in changes in

Kidney is the excretory organ responsible for the  toxicokinetics and plasma levels of xenobiotics (4,5).
excretion of various intact compounds and/or products

of metabolism from circulation (1,2). In this process, Aftront  Effrent

arteriole  arteriole
=

two steps occur: glomerular filtration, where
ultrafiltrate originates, and tubular secretion (Figure 1)
(1,3). In the glomerulus the blood is filtered, entering
through the afferent arteriole and exiting through the
efferent arteriole. Renal function can be assessed by
determining the glomerular filtration rate (2). The rate
of glomerular filtration can be affected by several
factors, such as physical exercise; pregnancy; the
presence and severity of kidney diseases; time of day;
protein consumption; administration of antihyper-

Figure 1. Renal excretion of
the xenobiotics.

1. Glomerular filtration;
2. Reabsorption;

3. Tubular secretion;

4. Excretion.
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The compounds present in the ultrafiltrate are
released into the urine or reabsorbed back into the
bloodstream (1,3). Thus, overall the kidney retains
essential nutrients (e.g., glucose, amino acids) and
expels metabolic waste products (e.g., creatinine, uric
acid) and xenobiotics (e.g., antiviral drugs and
antibiotics) (6). However, all of these substances may
still be retained in tubule cells depending on various
factors, such as: physicochemical properties,
reactivity, and susceptibility to binding to intracellular
components (1).

Tubular secretion is mostly performed in the
proximal tubule (1,7) and is carried out in two phases:
(1) uptake of the compounds from the peritubular fluid
into the tubular cell through the basolateral membrane
and (2) efflux of these same compounds out of the cell
into luminal fluid through the apical membrane (3,8).
The majority of the molecules travel this course with
the help of transporters present in the basolateral and
apical membranes (1,8) and not by passive diffusion,
since the molecules are very often hydrophilic as a
result of being charged at physiological pH. Thus,
these transporters control the input and output
molecules, being a key part of the process for the
physiology of tubular epithelial cells (9). Their acting
as gatekeepers, due to their interaction with
xenobiotics, makes this transport a totally different
process from the passive process of glomerular
filtration (6). The various carriers enrolled in tubular
secretion have different requirements according to
their location in the proximal tubule, the specificity of
the substrate and the transport mechanism itself (3).
The speed at which a molecule is transported depends
on several factors, such as: transporter capacity, gene
expression level, Michaelis constant, substrate
concentration and transport competition/inhibition by
other xenobiotics (10,11).

A xenobiotic is characterized by its
toxicokinetics, which refers to the movement of the
compound throughout the organism from the moment
it is absorbed until it is excreted. Generally, the
absorption, distribution, metabolism, excretion and
transport (ADMET) phases are considered (12).
Metabolism is often classified as phase | or Il
(functionalization or conjugation, respectively). More
recently, the terms phase O and Il have been
associated with the uptake and efflux transport,
respectively, thus characterizing the complete
movement of a molecule in a given cell (Figure 2)
(10,13). Transporters have a significant role in
ADMET since they act as regulators (14).

In this review, we intend to focus on the renal
transporters, outlining the different types and classes
of carriers present in this organ. In addition, we will
also describe the different xenobiotics that cause

nephrotoxicity, in which the transporters seem to have
arole.

Extracellular matrix i

Figure 2. Molecule movement in a given cell,
including the phase 0 - I11.

RENAL TRANSPORTERS

Transporters are large proteins incorporated into the
cell membranes, and are expressed in several cells of
the major organs with functions of absorption and
elimination, specifically on their epithelia, such as the
liver, intestine, kidney, brain, testes and placenta, sites
of high importance with regard to the evaluation of the
disposition of xenobiotics (15). These membrane
proteins serve to control the uptake and efflux of the
most varied molecules, from toxins to drugs and
metabolites (16). In addition to that major function,
they also serve to regulate the movement of small
endogenous molecules such as key metabolites,
signaling molecules, vitamins, antioxidants (e.g., uric
acid) and some hormones (17).

In the kidney, uptake transporters aid the passage
of the compounds from blood or ultrafiltrate into the
proximal tubular cells, while efflux transporters
excrete them back into the blood or urine (6). These
transporters are expressed in greater amounts in the
basolateral and apical membranes of the proximal
tubular epithelial cells (18). There are two super
families that represent the most expressed transporters
in the basolateral and apical membranes: the solute
carrier (SLC) transporters superfamily (molecular
weight of 40-90 kDa), which assure, mostly, the
cellular uptake of the compounds from the blood on
the basolateral membrane; and the adenosine
triphosphate  (ATP)-binding  cassette  (ABC)
transporters superfamily (molecular weight of 140-
180 kDa), which facilitate the efflux to the tubular
lumen on the opposite side of the cell, the apical
membrane (Figure 3) (16,18,19). In this way, it is
important to note that the tubular secretion of a
xenobiotic always involves at least one transporter of
each type (18).
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Figure 3. Representation of the location and
transport direction of the renal transporters.

Uptake transporters

The SLC transporters is a large family of
transmembrane proteins that share 20-25% of their
homologous sequence (15), and includes more than
400 members grouped in 52 families, which perform
various cellular functions cooperating with other
proteins (19). This superfamily has members with high
abundance in various organs (liver, kidney, blood-
brain barrier) that have important functions in the
toxicokinetics of various compounds (Table 1; Figure
4) (20).

Table 1. Location and substrates of the main uptake transporters in proximal tubular cells.

Transporter

Gene

Location

Substrates

AT1

'AT2

'AT3

AT4

RAT1
CT2

'ATP4C1

'CTN1/2

SLC22A6

SLC22A7

SLC22A8

SLC22A11

SLC22A12
SLC22A2

SLCO4C1

SLC22A4/5

Basolateral membrane

Basolateral membrane

Basolateral membrane

Apical membrane

Apical membrane

Basolateral membrane

Basolateral membrane

Apical membrane

PAH, antivirals, NSAIDs, antibiotics,
diuretics, folate, a-ketoglutarate, cyclic
nucleotides, prostaglandins, gut microbial
metabolites, uremic toxins, vitamins, dietary
compounds, uric acid, mercurial

PAH, antivirals, salicylate, acetylsalicylate, prostaglandin
E2, dicarboxylates, glutamate, uric acid

Conjugated sex steroids, vitamins, aristolochic acid and
other plant-derived metabolites (e.g., flavonoids), ochratoxir
A, anti-viral, anti-cancer, antibiotics, anti- hypertensive, anti
inflammatory drugs

Uric acid, diuretics, sulfated steroids, NSAIDs,
antihypertensives, prostaglandins

Uric acid

Metformin, cisplatin, atenolol, histamine H2 blockers, HIV
protease inhibitors, b-blockers, some platinum compounds,
calcium channel blockers, antiarrhythmics, antimalarials,
catecholamines, choline, acetylcholine, serotonin, creatinine

Glycosides (digoxin and ouabain), thyroid hormones
(triiodothyronine [T3] and thyroxine), cyclic adenosine
monophosphate (CAMP), methotrexate, sitagliptin, estrone 3
sulfate, chenodeoxycholic acid, and glycocholic acid

Valproic acid, cephaloride, ergothioneine, verapamil,
quinidine and gabapentin
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Figure 4. Representation of the
constitution of a SLC transporter.
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There are various mechanisms that SLC
transporters use to perform their uptake function, such
as facilitated diffusion, ion coupling, and ion
exchange, which can be promoted by a gradient
created by the ABC transporters (15). In this way, the
uptake of the xenobiotics can be performed in a
facilitated diffusion, in which the SLC transporters
function as uniporters (passive transport, according to
the concentration gradient). On the other hand, SLC
transporters can perform secondary active transport,
simultaneously transporting Na* in (symport) or out
(antiport) of the cell (10).

Organic anions transporters

The organic anion transporters (OATS) carry out the
passage of small organic anions across the membranes
against their concentration gradient using a Na*
gradient maintained by Na*/K*-ATPase. OATSs are
expressed in the renal proximal tubule and have a
significant role in the tubular secretion of various
compounds (4), including steroid hormones, biogenic
amines (15), drugs [e.g., antibiotics, antivirals,
diuretics, nonsteroidal anti-inflammatory  drugs
(NSAIDs)] (21), environmental toxins and toxicants
(e.g., mycotoxins and pesticides) and natural products
in herbs (e.g., flavonoid conjugates, gentisic acid) (6).
OAT1 and OAT3 have particular importance, since
they are predominantly expressed in the basolateral
membrane of proximal renal tubules, although both
are expressed in other tissues in the body (15). Due to
their pharmaceutical importance, they are the best-
studied SLC families from the viewpoint of drug
handling (22).

OAT1, expressed by the SLC22A6 gene, is one of
the most expressed transmembrane proteins in the
adult kidney, located in the basolateral membrane of
the cells of the proximal tubule (23), playing an
important role in the clearance of a wide variety of
xenobiotics (24). The expression of this transporter in
the kidney increases during gestation and after birth
(23). This transporter was originally cloned from mice
in 1996 as the novel kidney transporter (NKT), and it
was then suggested and confirmed that it is an organic
transporter (i.e., the "classical" p-aminohippurate
(PAH) transporter) or organic anion transporter

(3,21,23). Substrates of OATs include PAH,
antivirals, nonsteroidal anti-inflammatory drugs
(NSAIDs), antibiotics, diuretics, folate, a-

ketoglutarate, cyclic nucleotides, prostaglandins, gut
microbial metabolites, uremic toxins, vitamins,
dietary compounds, uric acid, mercury conjugates, and
other toxins (23).

OAT?2, a protein expressed by the SLC22A7 gene,
has greater expression in the liver and kidney (23), in
which it is present in the basolateral membrane (18).

This transporter has a greater expression in the
developing mouse embryo (lung, developing
bone/cartilage, kidney, liver) (23). OAT2 has affinity
for some anionic compounds like salicylate,
acetylsalicylate, prostaglandin E2, dicarboxylates,
glutamate, uric acid and PAH, as well as some
antivirals (18,23). In addition, it addresses the
transport of guanine nucleotide (cGMP) -related
compounds and cGMP itself (23).

OAT3 is the most expressed transporter in the
renal proximal tubule in humans, being expressed by
the SLC22A8 gene (4,23). Unlike OAT1, it is also
located on the membrane of the distal tubular cells. On
the other hand, besides being found in greater
guantities, it is also present in other places like the
choroid plexus, the brain capillary endothelium, and
the retina (23). OAT1 and OAT3 have some common
substances as substrates (3,23,24); however, these
have higher affinity for one transporter or the other.
Another difference between OAT1 and OAT3 is that
OAT3 has higher affinity for carrying cations than
OAT1 (23), whereas OAT1 shows higher affinity for
carrying PAH (3,21). Furthermore, unlike OATL,
OAT3 can transport sulfate and glucuronide
conjugates (3). Substrates of OAT3 include conjugates
of signaling sex steroids, vitamins and other plant-
derived metabolites (e.g., flavonoids), aristolochic
acid, ochratoxin A (22,23), drugs (e.g., anti-viral, anti-
cancer,  antibiotics,  anti-hypertensive,  anti-
inflammatory) (4).

OAT4, the transporter expressed by the
SLC22A11 gene, has its greatest expression in the
placenta followed by the kidney (23). Unlike the other
OATSs, this is expressed in the apical membrane of the
cells, which suggests participation in the secretion and
reabsorption of the respective organic anions from the
urine back into the proximal tubular cells, like uric
acid and diuretics (6,18,25). This carrier has substrates
including sulfated steroids, NSAIDs,
antihypertensives, prostaglandins, and uric acid (23).
OAT5 (SLC22A19) is expressed on the apical
membrane of the proximal tubular cells, specifically
on the S2 and S3 segments. OAT10 (SLC22A13) is
spread throughout the body, having the highest
amounts in the kidney, small intestine and colon (23).
Besides the transport of organic anions, OAT10
transports uric acid across the apical membrane (25).
OAT6 and OAT?7 are not present in the kidney. OAT6
(SLC22A10) is highly expressed in nasal epithelia and
has weaker expression in the testis, whereas OAT7
(SLC22A9) is specific to the liver (23).

Another member of the SLC22A family is
URAT]1, expressed by the SLC22A12 gene on the
apical membrane of the proximal tubular cells, which
reabsorbs the urate of the urine, replacing it with
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several organic anions (18,25,26). Urate is a
metabolism product of endogenous and exogenous
purines like DNA/RNA and food derivatives,
respectively. In urine, urate is in deprotonated form,
uric acid, due to the low pH of this fluid (25).
Secretion of this compound occurs through a complex
process of glomerular filtration, reabsorption and
secretion. Normally, approximately 90% of the
glomerular-filtered urate is reabsorbed back into the
bloodstream with the aid of URAT1, and
approximately 10% is renally excreted (27,28).
URATL is an electroneutral organic anion exchanger,
functionally, and is the typical 12-transmembrane
domain protein, structurally, as its homologs of its
family SLC22 (25).

Organic cations transporters

Organic cations transporters (OCT) are the subclass of
transporters belonging to the SLC22 family, which aid
the transport of organic cation by electrogenic-
facilitated diffusion, independently of sodium and
chloride ions gradient (10,29). In the Kidney, OCTs
cooperate with multidrug and toxin extrusion (MATE)
proteins to mediate transepithelial transport of organic
cations. In the human body, there are OCT1, OCT2
and OCT3. The first two are very similar as they share
70% of their protein sequence, whereas OCT3 only
shares 50% with the others (29). The following
substances have already been classified as substrates
of OCTs: dexpramipexole, lamivudine, metformin,
pilsicanide, sepantronium bromide and tiotropium
(30).

OCT1, expressed by the SLC22Al gene, is
located in greater amounts in hepatocytes. However, it
is also found in the kidney, small intestine, colon,
lung, brain, heart, skeletal muscle, peripheral
leukocytes, adrenal gland, mammary gland, immune
cells and adipose tissue (29). In the kidney, this
transporter is located on the apical membrane of the
proximal and distal tubules, performing tubular
reabsorption of compounds such as metformin (18).
OCT2 is expressed in greater amounts in the
basolateral membrane of the renal proximal tubule
cells by the SLC22A2 gene. In smaller amounts, it is
also expressed in the brain, lung, small intestine,
thymus, placenta and the inner ear (29). Of all OCTs,
it is the one that is found in greater quantities in the
kidney, performing the main transport of organic
cations in this organ at the expense of inside negative
membrane potential (1,31). To evaluate the function
of this transporter, tetraethylammonium (TEA) and 1-
methyl-4-phenylpyridinium (MPP) are used as model
substrates (18). The major transporter, OCT2 has as its
substrate a wide variety of xenobiotics, such as
metformin (specific for this carrier), cisplatin,

atenolol, histamine H; blockers, HIV protease
inhibitors, b-blockers, some platinum compounds,
calcium channel blockers, antiarrhythmics and
antimalarials (1,18,29); as well as endogenous
substances, such as: catecholamines, choline,
acetylcholine, serotonin and creatinine (18).

OCT3, expressed by the SLC22A3 gene, has a
significantly larger distribution than the remaining
transporters of this class, being present in skeletal
muscle, placenta, salivary glands, heart, brain, adrenal
gland, trachea, small intestine, and uterus. Their
location in the cells depends on the tissue (29). This
carrier is also found in the kidney, but its role in
nephrotoxicity is still unknown (1).

Organic anion transporting polypeptides

The organic anion transporting polypeptide (OATP;
SLCO) family includes sodium- independent organic
anion transporters that are present in various tissues
such as the liver, kidney, intestines, and brain (32).
These types of carriers have the specification for
substrates with amphipathic characteristics that are
normally bound to albumin (a plasma protein) (33),
including endogenous compounds, like bile acids,
thyroid hormones, sulfated and glucuronidates
hormones, and xenobiotics, such as rifampicin,
methotrexate, antidiabetics, and statins (15,32).

In the kidney, OATP4C1 (SLCO4C1) is the most
expressed transporter, being present in large quantities
in the basolateral membrane of the proximal tubular
cells (1,32). This transporter has high affinity for
various substances, performing urinary secretion of
glycosides (digoxin and ouabain), thyroid hormones
(triiodothyronine [T3] and thyroxine), cyclic
adenosine monophosphate (CAMP), methotrexate,
sitagliptin, estrone 3-sulfate, chenodeoxycholic acid ,
and glycocholic acid (18,20,32). OATP2AL is located
throughout the human body, including ocular tissues
and gastroduodenal mucosa, and has prostaglandin
transporters (PGT) (10).

Organic carnitine/cation transporters

Organic carnitine/cation transporters novel (OCTN) is
a subfamily of SLC transporters, which includes
OCTN1, OCTN2 and OCTN3; however, the latter is
not present in the human body (34). OCTNs perform
their transport function depending on the substrate,
cation/proton exchange, cation/cation exchange,
sodium-dependent and sodium-independent transport
mechanism (10).

OCTN1 and OCTNZ2 share 76% of their protein
sequence and both are located on the apical membrane
of proximal renal tubular cells (1,34). OCTNL,
expressed by the gene SLC22A4, transports carnitine
and some xenobiotics, such as valproic acid,
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cephaloride, ergothioneine, verapamil, quinidine and
gabapentin (1,18,23).

OCTNZ2 transports carnitine and its derivatives by
making an electrogenic cotransport of Na*. Both
endogenous and exogenous carnitine have affinity for
this carrier since the esterification of this compound
does not affect its recognition. Carnitine has as its
essential functional groups the ammonium and the
carboxylate. Thus, substrates with these functional
groups are also transported by OCTN2, and therefore,
carriers of this carrier are precursors of carnitine, like
v-butyrobetaine, and derivatives, such as acetyl-
carnitine and acyl-carnitines. The binding site of
OCTNZ2 is large, whereby this carrier has significant
ability to carry and/or interact with a wide variety of
xenobiotics (34), such as translocate choling,
verapamil, emetine, cefepime, valproic acid (18). In
addition, OCTN2 causes the efflux of carnitine and its
derivatives, which can be driven by a favorable
gradient of these molecules. However, this transport is
not controlled by the Na* movement, but by the pH of
the medium (alkaline pH will cause the carrier to have
a higher activity) (34).

Efflux transporters

The ABC superfamily of transporters can be found in
a variety of organs, such as the intestine, liver, kidney,
heart, lung, brain, placenta and testis, and are very
important in ADMET of various endogenous and
exogenous compounds since they assure various
physiological functions including protection from
toxic substances due to their export capacity,
metabolite transport and cell signaling (19,35). More
than 100 transporters/channels belong to this
superfamily. In humans, 49 ABC transporters
belonging to seven families involved in the transport
of xenobiotics have been identified (Table 2; Figure
5). The ABC transporters are responsible for phase 111,
which results in cellular elimination for various fluids,

like feces, urine and bile (12). In order to move the
compounds through the cell membrane, ABC
transporters need the energy obtained through the
hydrolysis of ATP. Thus, these transmembrane
proteins can export the compound, reducing its
cellular concentration. This process is called the
primary active transport, since, in addition to spending
ATP, it is done against the concentration gradient
(10,12,15).

Urine

Apical
membrane

Proximal tubular cell COOH

Figure 5. Representation of the constitution of an
ABC full-transporter, with two transmembrane
domains (TMD) and two nucleotide binding domains
(NBD).

Generally, ABC transporters consist of two parts:
(1) nucleotide binding domains (NBD), which contain
one pair of ATP binding domains inside the
membrane, in the cytoplasm; and (2) two sets of
transmembrane domains (TMD), which usually have
six membrane spanning a-helices. The NBD owns
three conserved domains: Walker A and B domains,
found in all ATP-binding proteins, and a signature C
motif, specific to each ABC transporter, located
upstream of the Walker B site. These transporters,
also called pumps, transport the molecules in only one
direction (usually out of the cell’s cytoplasm).
Therefore, the movement is generally performed from
the inner leaflet of the phospholipid bilayer to the
outer leaflet or to an acceptor molecule. However, the

Table 2. Location and substrates of the main efflux transporters in proximal tubular cells.

Transporter Gene Location Substrates

MRP1 ABCCl1 Apical membrane  GSH, cysteinyl leukotrienes, glucuronide and
sulfate  conjugates, anthracyclines, Vinca
alkaloids, and antivirals

MRP2 ABCC2 Apical membrane  GSH and glucuronide conjugates, leukotrienes,

methotrexate, ochratoxin A

Table 2 Continues ...
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P-gp ABCB1

BCRP ABCG2

MATEL1 SLC47A1

MATE2-K SLC47A2

Apical membrane

Apical membrane

Apical membrane

Apical membrane

blockers, HIV protease
immunosuppressants,

inhibitors,
antiemetic

lowering agents, histamine H1-
antagonists, phenobarbital, phenytoin, others

chemotherapeutics, anthracycline
nucleoside analogs, fluorophores,

acid), riboflavin (vitamin B12), porphyrins

paraquat

Metformin, cimetidine, antibiotics, oxiliplatin

described morphology does not correspond to all
ABC transporters, since these can be: i) full
transporters containing two NBDs and two TMDs
(at least); or ii) half transporters containing one
NBD and one TMD, which may aggregate as
homodimers or heterodimers in order to
functionalize (Figure 5) (12,36).

Multidrug resistance proteins

Multidrug resistance proteins (MRP) are one of the
most important subfamilies to remove xenobiotics
from proximal tubular cells to urine, from
hepatocytes to bile, or from intestinal epithelium to
intestinal lumen (37). These proteins acquired this
name because of their role in resistance to drugs
when present in tumor cells, since they remove a
wide variety of anticancer drugs (18). This class of
carriers belongs to the ABCC family, which
includes nine MRPs (37), and are considered full-
size transporters (38). Of these, MRP1, MRP2 and
MRP4 have been studied the most with regard to
drug toxicity (15). In general, MRPs are efflux

pumps for organic anions, like beta lactam
antibiotics, as well as for glucuronide and
glutathione  (GSH)  conjugates, such as

acetaminophen-glucuronide and arsenic-GSH (1).
MRP1, expressed by the ABCCL gene, is
present in large quantities in several organs: the
lung, testes, kidney, skeletal and cardiac muscles,
placenta, and macrophages. To perform its
function, MRP1 uses GSH in different ways: i) as a
co- substrate  together with  hydrophobic
compounds; ii) as a substrate, only in the presence
of some xenobiotics (e.g., verapamil and dietary

flavonoids); iii) an enhancer of MRP1-Mediated
Transport of glucuronidated and sulfated
conjugates, without being co-transported itself (37).
In this way, MRP1 has as substrates various
endogenous  substances, such as oxidized
glutathione, cysteinyl leukotrienes, glucuronide and
sulfate conjugates, and also xenobiotics, like
anthracyclines, Vinca alkaloids, and antivirals (15).

MRP?2 is expressed by the ABCC2 gene on the
apical membrane of various tissues, such as
hepatocytes, kidney proximal tubules, small
intestine, colon, gall bladder, segments of bronchi,
and placenta. This carrier is present only on the
apical side of the cells, which is in accordance with
its efflux function of turning compounds into
extracellular fluids, like bile, urine, and intestinal
fluid (37). The regulation of the expression and
activity of MRP2 is well characterized and can
occur in one of three ways: i) endocytic
retrieval/exocytic  insertion  (occurs  within
minutes); ii) translational regulation (within several
hours); or iii) transcriptional regulation (within
days) (33). P-Aminohyppurate (PAH), a classical
substrate used to characterize organic anion
transport, is also substrate of MRP2 (20), in
addition to a wide variety of endogenous substances
as well as various exogenous compounds (15).
MRP2 has as substrates conjugated and
unconjugated organic anions, including glutathione
conjugates, glucuronide conjugates, leukotrienes,
methotrexate and ochratoxin A (33).

MRP4, expressed by the ABCC4 gene, may be
present on the apical or basolateral side, depending
on the type of cell in which it is present. In the
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kidney, it is present in the apical membrane of the
proximal tubular epithelium. However, it is found
in the basolateral membrane in various tissues (e.g.,
hepatocytes, pancreatic duct epithelial cells,
choroid plexus epithelial cells) (37). Like MRP2,
MRP4 has a high affinity for the transport of
organic anions, including PAH; however, MRP4 is
expressed in greater amounts and has even higher
affinity (1,20). Substrates of MRP4 include various
endogenous  compounds, like  guanosine-
monophosphate  (cGMP) and  adenosine-
monophosphate (cCAMP), GSH, bile acids, folate,
eicosanoids, urate, prostaglandins and conjugated
steroids (15,20,37). In addition, it also carries
several xenobiotics, such as cephalosporin
antibiotics, cytotoxic agents (methotrexate and 6-
mercaptopurine), and several NSAIDs (15,33).

MRP3 and MRP6 are present in the membranes
of the distal and proximal tubular cells,
respectively. On the other hand, MRP5 and MRP7-
9 are not expressed in the kidney (37).

Multidrug resistance

P-glycoprotein  (P-gp), also called multidrug
resistance 1 (MDR1), is expressed by the ABCB1
gene and belongs to the superfamily of ABC
transporters (12). This protein is synthesized in the
endoplasmic  reticulum as a glycosylated
intermediate with a molecular weight of 150-170
kDa, with the carbohydrate moiety being further
modified in the Golgi apparatus prior to the export
to the cell surface (12,39). Like others ABC
transporters, MDR owns two TBDs and two NBDs,
being a full-transporter. In this way, the substrates
of P-gp bind to a binding site intracellularly. Then,
following phosphorylation of the protein with ATP
spending by hydrolysis, a flip-flop movement
occurs in which the substrate is extruded to the
luminal side. The return to the initial state of the
protein takes place by dephosphorylation
(12,39,40).

P-gp is present in the apical membrane in
numerous cell types, like epithelial cells of the
intestine, bile ducts, kidney proximal tubules, and
endothelial cells of the blood-brain barrier, which
shows the importance of its localization in the
accomplishment of its function (1,10,15). Its
physiological role of secreting endogenous and
exogenous metabolites (through phase I11-mediated
transport) influences the toxicokinetics of several
compounds (11,12).

P-gp carries a wide variety of compounds, being
a non-specific transporter. P-gp has some substrates
in common with MRP1 and MRP2, more
specifically cytostatic agents (39). The substrates of

P-gp vary greatly in size, structure, and function,
ranging from small molecules, such as organic
cations, carbohydrates, amino acids, and some
antibiotics, to  macromolecules such as
polysaccharides and proteins, which is due to P-gp
being a protective protein against various
substances (12). Several drugs are considered
substrates of P-gp, among them: anticancer agents,
cardiac glycosides (e.g., digoxin), b-adreno
receptor antagonists, Ca?* channel blockers, HIV
protease inhibitors, steroids, immunosuppressants,
antiemetic  drugs, antibiotics, antimicrobial,
antiretrovirals, lipid lowering agents, histamine Hi-
receptor antagonists, phenobarbital, phenytoin, and
others (1,10,18).

Breast cancer resistance protein

Breast cancer resistance protein (BCRP) is
expressed by the ABCG2 gene, and is the second
member of the ABCG family belonging to the ABC
superfamily (38), and was discovered in a
multidrug-resistant breast cancer cell line (41). Like
the efflux transporters already mentioned (MRP
and MDR), BCRP is not very specific to substrates
nor for inhibitors (42). On the other hand, unlike
MRP and MDR, BCRP is a half-transporter [only
six transmembrane spanning helices (10)],
functioning as a homodimer that transports the
substrates actively through the membrane (38,41).

This carrier is widely distributed throughout
human organs such as the Gl tract, liver, Kidney,
central nervous system, mammary tissue, testes,
ovaries, adrenal glands, and placenta (10,38,42).
Their distribution shows that, in fact, BCRP
protects cells against xenobiotics. In the kidney, it
is present in the apical membrane of the proximal
tubular cells, which proves its intervention in the
elimination of xenobiotics influencing their
toxicokinetics (38,42). The location of the BCRP,
as well as some substrates, overlaps with those of
the MRP and P-gp which suggests all of these efflux
pumps complement each other to perform their
function of eliminating compounds (41).

BCRP carries a wide variety of different
compounds together structurally and functionally
(41). Among the endogenous substrates present are
urate, cholesterol, plant sterols and phospholipids
(10,25). It also helps the remaining pumps in the
transport of GSH and glucuronide conjugates.
However, BCRP is predominantly an efflux carrier
for Xenobiotics, like chemotherapeutics
(mitoxantrone, topotecan), anthracycline drugs
(daunomycin, doxorubicin, epirubicin), nucleoside
analogs (lamivudine), fluorophores (rhodamine
123, Hoechst 33342), conjugated anions estrone-3-
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sulfate, flavonoids (genistein), folates (folic acid),
riboflavin (vitamin B12), and porphyrins (heme)
(10,15,38,41).

Multidrug and toxic extrusion

Multidrug and toxic extrusion (MATE) transporters
belong to the SLC superfamily, yet function as
efflux transporters because they remove their
substrates out of the cells. For this, they take
advantage of the oppositely directed proton
gradient, acting as secondary active transporters. As
efflux transporters, they are located on the apical
membrane of cells such as MRP, P-gp and BCRP,
which belong to the ABC superfamily. It is possible
to observe that SLC and ABC transporters work
together for the renal excretory mechanism to
function correctly (43). MATE transporters are
constituted by 13 transmembrane helices (TMH), of
which twelve are required for the transport of
compounds and one is required for protein turnover
(43,44). In humans, MATE is encoded by the
SLC47A gene and include two members: MATEL,
MATE2 and MATE2-k (a splice variant of
MATE?2). In the kidney, MATE transporters control
the exit of the organic cations through the
membrane into urine (16,45), in electroneutral
exchange for protons [sustained by the membrane
Na*/H* exchanger and the V-type proton ATPase
(18)], since they are located on the apical membrane
of the proximal tubular cells facing the tubular
lumen (29,31). It can be concluded that there is an
OCT-MATE vector transport that excludes various
xenobiotics; however, if the balance between these
transporters is interrupted there may be
accumulation of these toxics in the proximal tubules
(1,43). Substrates of MATE overlap with OCT
substrates since these cooperate in their activity
(43,44). In general, substrates of MATE are
considered substances with cationic character,
weak bases with positive charge, zwitterions or
even anions of molecular weight ranging from 50 to
over 500 (43). For example, MATE proteins
transport MPP+ and TEA antibiotics (cephalexin

and cephradine), antidiabetics (metformin),
histamine  H-receptor antagonist cimetidine,
herbicide  paraguat, platinum agents and

endogenous substances (creatinine, the vitamin
thiamine, corticosteroids, cimetidine (18,44).
MATEL is encoded by the SLC47A1 gene,
being highly expressed in the kidney and liver;
however, it is also present in the adrenal gland,
skeletal muscle, testis and first trimester placenta
(10,43). MATEL has only one isoform, which is
570 amino acids in length (29). This transporter
excretes the organic cations that uptake the

basolateral membrane of the proximal tubular cells
by OCT1 and OCT2 (20). Typically, histamine H-
receptor antagonist, cimetidine, the antidiabetic
agent, metformin, and the herbicide paraquat are
considered as substrates of MATEL (1).

MATE?2 is expressed by the SLC47A2 gene
(15); and has three isoforms: the full-length isoform
MATEZ2 (602 amino acids), MATE2-K (566 amino
acids) and MATE2-B (220 amino acids). Both are
functional, whereas MATE2-B possesses no
transport activity (29). MATE2 shares 94% amino
acid similarity with its MATE2-K isoform. MATE1
shares 48% and 51% similarity in the sequence of
amino acids with MATE2 and MATE2-K,
respectively. In humans, MATE2 and MATE2-K
are specifically expressed in the kidney, more
specifically in proximal tubule cells, but they are
also detectable in various tissues, like the placenta
(29,43). MATE2-K shares overlapping substrates
with MATEL including cimetidine and metformin
(1). However, some substrates may have greater
affinity for one rather than another. For example,
cephalexin, cephradine, fexofenadine and the
oxazolidinone antibiotic are primarily transported
by MATEL, whereas oxaliplatin is specifically
transported by MATE2-K (10).

Other transporters

Peptide transporters (PEPT) are expressed in
kidney and intestinal cells, with two isoforms:
PEPT1, encoded by the SLC15A1 gene, and PEPT2,
expressed by the SLC15A2 gene. Their function is
to perform uptake of compounds, such as
peptidergic b-lactam antibiotics and various other
drugs, such as ACE-inhibitors and peptidomimetic
drugs (10). However, like OAT4, they may be
present in the apical membrane of the renal cells
participating in the reabsorption of some organic
anions (18).

Sulfate-anion antiporters 1 (SAT1), encoded
by the SLC26AL1 gene, are located in the basolateral
membrane of proximal tubular cells. SAT1
regulates sodium-dependent movement of sulfate
across the membrane in exchange for anions, like
OH or HCO3. However, some organic anions may
also be substrates of SAT1. Among the substrates
are sulfated steroid hormones (cortisone sulfate,
cortisol sulfate, estradiol sulfate) and some bile
acids (33).

Sodium-phosphate transporters (NPT) are also
expressed in the kidney in three isoforms: NPT1,
NPT2 and NPT4. NPT1, expressed by the SLC17A1
gene on the apical membrane, regulates the efflux
of organic anions by harnessing the potential of
internal negative membrane. NPT1 substrates are
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transport PAH, urate, benzylpenicillin, beta-lactam
antibiotics, estradiol-17-b-glucuronide (18,20).
NPT2 is highly expressed in the apical membrane
of the proximal tubules, regulating the resorption of
resorbed phosphate (20). NPT4 is also present in the
apical membrane of the proximal tubules, being
expressed by the SLC17A3 gene. This performs the
transport of various organic anions, such as PAH,
Ochratoxin A. In addition, it also makes the efflux
of urate (1).

In addition to the members of the superfamily
SLC shown, there are still equilibrative nucleoside
transporters (ENTS) and concentrative nucleoside
transporters (CNTSs), which are involved in the
transport of nucleosides and nucleoside analogs
from urine. Expressed in the apical membrane are
CNT1 (SLC28A1), CNT2 (SLC28A2), CNT3
(SLC28A3), ENT1 (SLC29A1) and ENT4
(SLC29A4), carrying out the urinary reuptake of
nucleosides. On the other side of the cell, on the
basolateral membrane, ENT1 (SLC29A1) and
ENT2 (SLC29A2) are present, facilitating the efflux
of the nucleotides to the blood flow, completing the
reabsorption process. However, these transporters
can also aid secretion of these substances because
of their capacity of bidirectional transport (18).
ENT4, also known as a plasma membrane
monoamine transporter (PMAT), has a high
specificity for organic cations, like OCTs and
MATE. Thus, PMAT also performs an electrogenic
transport using the inside- negative physiological
membrane potential as a driving force, which can
be further stimulated by lowering the pH. In
addition to the kidney, PMAT is also present in the
brain, heart, small intestine and liver (18,29).

Interindividual variability

As mentioned, SLC and ABC transporters play a
key role in the absorption, distribution and
elimination of  xenobiotics.  Interindividual
variability of these transporters can lead to
differences in therapy and even adverse drug
reactions (46,47). This phenomenon may be due to
several factors or a combination of factors. Among
them are: non-genetic factors, including age, sex,
ethnicity, kidney diseases or medication; genetic
variations; and epigenetic mechanisms, such as
DNA methylation, histone modifications, or
miRNASs (46,48,49).

Regarding the sex of the individual, women
have chronic kidney disease more often than men
(50). This is due to hormonal differences but also to
the different levels of enzymes and proteins that
each sex has (51). On the other hand, it has also

been shown that females have greater expression of
certain transporter coding genes (23).

Age also affects the individual variability of
renal function since renal function may decrease
due to: i) exacerbation of newly developing renal
disease; ii) increased susceptibility to AKI from
chemical exposures; iii) toxic accumulation of
renally cleared therapeutic agents (51). For
example, the expression of SLC transporters varies
greatly with age, starting at mid-gestation and
gradually increasing until birth. After birth, the
expression increases rapidly until adolescence and,
then, remains stable during adulthood (22,47). On
the other hand, a decrease in the ability to transport
some drugs was also found, which is associated
with aging. Thus, the kidney of an older individual
will be more susceptible to acute injury leading to
ischemic injury or drug-induced toxicity. Joseph
and his group showed that 13 of the 27 drug
transporters studied exhibited an age-bias with
individuals aged 50 years or above (>50) showing
dominance, and seven exhibited an age-bias with
individuals aged below 50 years (<50) showing
dominance in mRNA expression. These researchers
also studied transporters among different
ethnicities, showing that 22 of the 27 transporter
genes studied had higher expression in African
Americans and two of the 27 transporter genes
studied, like OAT2 (SLC22A2), exhibited higher
expression in African Americans compared to
European Americans. These differences may occur
due to different diets, medical practices, or genetic
differences. The findings of this study show that
these three factors interfere together in the response
to xenobiotics (48).

In addition to the non-genetic factors, genetic
polymorphisms are an important factor that alters
the probability of the individual having acute or
chronic kidney diseases from chemical exposure.
Several carrier proteins show genetic variations that
can lead to the accumulation of xenobiotics within
the renal cells, by increasing the activity of the
uptake transporters and reducing the activity of the
efflux transporters, which leads to nephrotoxicity
(14,51). Thus, mutations in the members of the SLC
and ABC superfamilies lead to different individual
responses to xenobiotics, which may be termed
toxicogenetics (20,51). OATSs, like the other
transporters, are regulated by chemical inducers,
hormones, nuclear receptors, transcription factors
and diseases (22,35). For example, OATs are
associated with metabolic abnormalities and
diseases, such as kidney fibrosis and kidney failure,
since they decrease OAT1, OAT2 and OATS3
expression (17). Genetic polymorphisms, more
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specifically single nucleotide polymorphisms
(SNPs) in the URAT1 gene, cause renal
hyperuricemia and  hypouricemia  (18,23).
SLC22A1, a gene encoding OCT1, is highly
polymorphic and its expression and function is
commonly influenced by several factors (46).
Genetic variations in the formation of OCT also
cause changes in the intracellular concentrations of
metformin and cisplatin, for example (9,20). On the
other hand, there are 28 SNPs in different ethnic
populations, of which four SNPs present alterations
in their in vitro function of OCT2 (SLC22A2) (31).
OCTN also showed to be affected by
polymorphisms, since an alteration of gabapentin
clearance was observed. In addition, it may also
cause primary systemic carnitine deficiency, a
recessive inherited disorder linked with an
increased risk of hypoketotic hypoglycemia, Reye's
syndrome (18). Several studies have observed the
importance of altered expression of MATE in the
interindividual variability of metformin response
(44). A decrease in MATE activity causes a
decrease in the efflux of metformin, leading to
lactic acidosis (9,16,45).

Regarding mutations in the ABC superfamily,
they are also associated with diseases such as cystic
fibrosis, persistent hyper insulinemic hypoglycemia
of infancy, Dubin-Johnson syndrome, Stargard
disease and Tangier disease (12). Genetic
polymorphisms in MRP2, for example, cause
accumulation of its substrates in the renal cells (15),
such as methotrexate. Accumulation of lamivudine-
triphosphate and tenofovir are associated with
MRP4 (18). Mutations in the formation of MRP6
represent the molecular basis of the connective
tissue disease pseudoxanthoma elasticum (PXE)
(37). Polymorphisms affecting MDR1 are
associated with lower digoxin renal clearance,

modified efficacy and nephrotoxicity of
chemotherapeutics, antivirals and
immunosuppressants,  cyclosporine  (due to

impaired apical efflux) (18). In addition to these,
ABCBL1 polymorphisms contribute to the alteration
of the disposition and, consequently, to the
interindividual variability in response to various
drugs, like morphine and other opioids (e.g.,
methadone) (47). Other issues may emerge due to
genetic changes in ABCG2, which encodes the
BCRP, among them are hyperuricemia (since it also
causes urate efflux); accumulation of its substrates
due to low efflux (26,38).

Genetic changes in transporter expression
may also be due to epigenetic phenomena,
including covalent modifications of DNA and
histones, chromatin folding, and regulatory

noncoding RNAs (microRNAS). The mechanisms
of epigenetic regulation are processes that alter
transcription without altering the DNA sequence.
Figure 6 presents some examples of epigenetic
changes (23,42,46).

DNA methylation of the OAT3 promoter
(negative regulation OAT3 expression)

DNA methylation of the URAT1
DNA
modifications
DNA methylation of the ABCB1 (P-gp)

Hypomethylation/unmethylation of the
CpG island on ABCG2 (elevated BCRP
levels)
Epigenetic

fators Histone acetylation in the transcription

Bisone of OATPs

odificati
Moaticatons Histone hyperacetylation of the ABCG2

promoter (elevated levels of BCRP)

microRNAs Low levels of BCRP

Figure 6. Some examples of epigenetic changes.

NEPHROTOXIC AGENTS

Renal transporters regulate the
secretion/reabsorption of the many compounds,
hence, play a huge role in the nephrotoxicity
(9,13,51). Uptake transporters are frequently more
efficient than efflux ones, resulting in a higher
concentration of xenobiotics within the proximal
tubular cell (Figure 7) (9,52). Xenobiotic may be
exogenous, such as heavy metals, herbicides,
mycotoxins and drugs (1), or endogenous, like uric
acid, indole derivatives, prostaglandins, bile acids,
bilirubin conjugates and conjugated steroids (23).
This review will focus on exogenous nephrotoxic
agents.

Proxim:

tubular
epithelial cells

Wi oAl Akl

Figure 7. Representation of the xenobiotics
accumulation in proximal tubular cells due to
inefficient transport by efflux transporters.

Therapeutic agents
Of the xenobiotics that cause nephrotoxicity we can
subdivide the group known as medicines. These
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specific drugs are used in therapy with different
functions, among them: antibiotics, antivirals,
anticancer, etc. (Table 3). However, some can cause
kidney damage due to their intracellular
accumulation.

Antibiotics

Most antibiotics are acids or weak bases and, as
such, only the water-soluble may be directly
excreted by the kidney (53).

The beta-lactam antibiotics include penicillin,
cephalosporins, and carbapenems, which are
characterized as cyclic dipeptides containing
lactam rings that react with bacterial
carboxypeptidases to prevent cell wall synthesis
(1). The renal toxicity caused by cephalosporin, for
example, is directly related to its intratubular
concentration, which depends on the administered
dose and the balance between the uptake and efflux
transporters. The accumulation of this drug leads to
direct toxicity caused by beta-lactams rings.
Cephalosporins that cause nephrotoxicity in
therapeutic dosages are cephaloridine and
cephaloglycin, which are no longer used (54). The
cephaloridine accumulation in renal proximal

tubule cells leads to acylate proteins, and/or induces
lipid peroxidation (1).

Another type of antibiotic is aminoglycosides,
which are widely used in the treatment of infections
caused by Gram-negative bacteria and bacterial
endocarditis. This drug has a cationic structure with
different numbers and distribution of amino groups,
which affects the toxicity caused in the tissues
where it accumulates. Thus, there is nephrotoxicity
due to the accumulation of aminoglycosides in the
kidney (55), because its excretion is performed by
protein-mediated transport almost exclusively by
this organ (53,56). Despite renal damage,
aminoglycosides continue to be used because they
are chemically stable, have low resistance, are
cheap, have a fast-bactericidal effect, and have
synergy with beta-lactam antibiotics (55). An
example of an aminoglycoside is gentamicin,
transported by OCT2, which is normally used
against microorganisms resistant to other medicines
such as, for example, pseudomonas (54,56). Like
the remaining aminoglycosides, cytotoxicity of
gentamicin occurs at sites where it accumulates,

Table 3. Transporters used and diseases caused by some nephrotoxic therapeutic agents

Disease

Acute interstitial nephritis,
glomerulonephritis

Acute interstitial nephritis,
glomerulonephritis
Tubular cell toxicity

Drug Class Examples Transporter
Antibiotics Cephalexin MATE1, MRP4
Cephaloridine OAT1, OAT3, OCTN1
Gentamicin OCT2
Levofloxacin OATP1A2, MATEL,
MATE2-k, P-gp
Penicillin G OAT1, OAT2, BCRP
Vancomycin Unknown
Antivirals Acyclovir OAT1, OAT2, OATS,
PEPT1, MATEL, MATE2-
K
Adefovir OAT1; MRP1
Cidofovir OAT1, OAT3
Tenofovir OAT1, OAT3, MRP4, P-gp
Anticancer Cisplatin OCT2, MATE1, MATE2-

Kl P-gp

Acute interstitial nephritis, crystal
nephropathy

Acute interstitial nephritis,
glomerulonephritis

Tubular cell toxicity

Acute interstitial nephritis, crystal
nephropathy

Tubular cell toxicity
Tubular cell toxicity

Tubular cell toxicity

Chronic interstitial nephritis, tubular

cell toxicity

Table 3 continues ....
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Immunosuppre  Cyclosporine P-gp
ant
NSAIDs Aspirin OAT1

Decreased glomerular filtration rate,
hypertension

Acute interstitial nephritis, chronic
interstitial nephritis, intraglomerular
hemodynamics alteration

as in proximal, distal and collecting tubular cells (55).
When there is accumulation of gentamycin in a cell,
it enters the lysosomes leading to lipid peroxidation
and binding to the phospholipids of the lysosomal
membrane,  which  results in  lysosomal
phospholipidosis. Subsequently, gentamicin will
release into the cytosol where it will interact with the
mitochondria. This interaction results in: i) apoptosis;
ii) interruption of the respiratory chain and ATP
production; iii) oxidative stress by increasing
superoxide anions and hydroxyl radicals; or/and
finally iv) cell death (54,55). In the absence of ATP,
necrosis occurs. On the other hand, it acts on the
endoplasmic reticulum inhibiting protein synthesis;
interfering with the translational accuracy and the
correct posttranslational protein folding (55).
Fluoroquinolones, like levofloxacin, are another class
of antibiotics that cause nephrotoxicity. Although
these cases are rare, they are described in the
literature, showing crystalluria, interstitial nephritis,
and acute renal failure associated with levofloxacin
(57). Other authors report other nephrotoxicity
symptoms such as hypersensitivity vasculitis,
interstitial nephritis, and acute renal failure (58).
Vancomycin belongs to the group of glycopeptide
antibiotics and is commonly used in the treatment of
resistant infections, such as methicillin-resistant
Staphylococcus aureus (MRSA), coagulase-negative
staphylococci and Enterococcus faecium. However,
that it causes nephrotoxicity is attributed to its
impurity ("Mississippi mud"). Studies suggest that
this antibiotic induces the formation of free radicals
and oxidative stress in proximal renal tubular cells
(59). The mechanism by which vancomycin causes
nephrotoxicity depends on the process of energy-
dependent reabsorption (transport from the blood to
the tubular cell across the basolateral membrane)
(53). There is intra lysosomal accumulation, as in the
mechanism of gentamicin (59). The risk of
nephrotoxicity increases when the concentration of
vancomycin increases and also when there is
concurrent treatment with aminoglycosides (53).

Antiviral drugs

Antiviral drugs are medications used against
infections  caused by viruses, such as
cytomegalovirus, herpes virus and retrovirus (1).
However, the more potent these drugs are the greater

the frequency of induced nephrotoxicity. Renal
tubular toxicity often occurs due to the concentration
of the antiviral, which is due to an uptake increase by
OAT1 and/or a decrease in the elution by the MRP2.
Some antiviral agents cause cell necrosis or
apoptosis, such as acyclovir and ganciclovir, while
others, like cidofovir and tenofovir, cause cell
damage without death, resulting in Fanconi-like
syndrome and crystal formation (60).

Nucleotide analogs are structurally-related to
endogenous nucleotides and include cidofovir,
adefovir, and tenofovir. This structure allows them to
incorporate the viral DNA by reverse transcriptase.
However, they have the great limitation of
accumulating in the kidney and may lead to renal-
related side effects, such as Fanconi syndrome,
progressive declines in kidney function, diabetes
insipidus, and tubular dysfunction, or acute tubular
necrosis possibly through direct mitochondrial
damage. Cidofovir, adefovir, and tenofovir are
transported by OAT1 and OAT3 (1).

Adefovir, 9-(2-phosphonomethoxyethyl)
adenine, is a nucleotide monophosphate analogue that
integrates into the pro-viral DNA chain, causing
premature DNA chain termination by blocking
incorporation of the subsequent nucleotide. This drug
is an antiretroviral agent for the treatment of infection
with the human immunodeficiency virus (HIV) (61).
Cidofovir is an antiviral nucleoside phosphonate
analogue that has activity against the DNA of several
viruses, like the herpes virus, adenovirus,
papillomavirus, polyomavirus and poxvirus. The
selective proximal tubular toxicity of cidofovir results
from the OAT1 presence, which controls the uptake
of cidofovir and leads to selective accumulation and
toxicity (62). Adefovir and cidofovir present similar
toxicity, having as main proximal tubule pathology
acute kidney injury, as a result of acute tubular
necrosis and Fanconi's syndrome (63,64). These
issues result from a disruption of proximal tubular
mitochondrial function caused by these drugs. An
altered mitochondrial function, along with other
conditions, leads to a deficit in adenosine
triphosphate production, impaired cell function, and
cell injury and/or death (63). Tenofovir is an acyclic
nucleotide analogue reverse transcriptase inhibitor
structurally similar to adefovir and cidofovir, which
has its usual substrate viral RNA-directed DNA
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polymerase and is a weak inhibitor of mammalian
DNA a- and B-polymerases and mitochondrial DNA
v- polymerase. It was the first drug in the treatment of
HIV to be approved by the FDA (Food and Drug
Administration), but has also been approved for the
treatment of chronic hepatitis B. Tenofovir causes
proximal tubular cell injury, resulting in partial or
complete Fanconi syndrome, or acute or chronic
kidney disease. As in previous antivirals,
mitochondria is a target for toxicity (65).

In addition to nucleotide analogs, there are other
antiviral agents, such as acyclovir and ganciclovir,
which are also substrates of uptake transporters
OAT1, OAT2 and OCTL1 and transporters of efflux
MRP2 and MRP4 (1). Acyclovir, for instance, has
crystal nephropathy as a major mechanism, which
results in acute kidney injury (66).

Cisplatin

Cisplatin (cis-diamminedichloroplatinum II) was the
first platinum-based antineoplastic to be discovered
and it is currently used in the treatment of solid
tumors (67). Its mechanism of action is to affect
several pathways of signal translation that will lead to
the induction of apoptosis (68). In the kidney, the
influx of cisplatin is performed by OCT2 and copper
transporter 1 (SLC31A1) and basolateral transporters
of proximal tubular cells, whereas efflux is performed
by MATE1, MRP2 and P-gp, apical transporters
(9,12). The combined activity of these transporters
determines the inexistence of cisplatin accumulation,
which will correlate with nephrotoxicity (24).

Once inside the cells, cisplatin has several effects
that lead to cell death: i) DNA damage: this drug
binds to adjacent purine bases altering the secondary
structure of DNA, which inhibits its function template
and DNA replication; ii) cytoplasmic organelle
dysfunction: with endoplasmic reticulum stress and
mitochondrial dysfunction; iii) apoptotic pathways
both caspase-dependent and receptor-mediated death;
iv) oxidative stress: with formation of reactive
oxygen species and depletion of GSH, an antioxidant;
or/and finally v) inflammation: mediated via tumor
necrosis factor and other chemokines (68,69).

Cyclosporine A

Cyclosporine A (CsA) is a lipophilic cyclic
polypeptide isolated from the fungus Tolypocladium
inflatum and is used as an immunosuppressant drug
in the control of organ transplantation and
autoimmune disorders. This drug inhibits the
synthesis of interleukin 2, which leads to the
suppression of secondary synthesis of various
cytokines,  suppressing the activation and
proliferation of T cells (70). CsA is also used to

reduce the risk of relapse of the disease in children
with  frequently recurring nephrotic syndrome
(FRNS) (71). However, this drug causes
nephrotoxicity with a relationship between the
existence of this toxicity in renal transplant patients
and the metabolism of CsA. In fact, adverse effects in
the kidney are observed, such as a decrease of
glomerular filtration rate and hypertension, which are
related to vasoconstriction of glomerular afferent
arterioles. In addition, several ROS, like the
superoxide radical, are involved in cyclosporine-
associated nephrotoxicity (70). CsA is a substrate of
P-gp, being excreted from renal proximal tubular
cells by this protein (72).

Nonsteroidal anti-inflammatory drugs

The nonsteroidal anti-inflammatory drugs (NSAIDs)
are a broad class of drugs that includes analgesic,
antipyretic and anti-inflammatory, which are widely
used globally. NSAIDs inhibit cyclooxygenase
(COX), blocking prostaglandin, prostacyclin, and
thromboxane production (73,74). This enzyme has
two isoforms: COX-1, expressed in all tissues, and
COX-2, expressed and activated only in response to
inflammation (75). Nonselective NSAIDs inhibit
both isoforms while selective agents inhibit COX-2
much more than COX-1, reducing the adverse effects
caused by COX-1 (76).

In the kidney, NSAIDs are transported by OAT3
from the blood into proximal tubule cells (10).
Despite the benefits of inhibiting prostaglandin
synthesis, there are also detrimental effects at the
renal level, since they are associated with increased
blood pressure and renal blood flow, glomerular
filtration and sodium excretion (77). COX activity is
decreased in a normal blood flow state. However, if
this decreases, the enzyme synthesis will increase to
protect cells against renal ischemia and hypoxia. If
NSAIDs are administered when the cell is in this
state, it will alter the balance of activity between renal
vasoconstrictors and vasodilators. Thus, renal
ischemia with loss of glomerular filtration will be
promoted (78). NSAIDs react immunologically
leading to acute renal failure, by acute interstitial
nephritis and acute tubular necrosis (79,80). Thus, the
direct toxicity of NSAIDs in renal tubular cells
involves: loss of polarity, loss of tight junctions, loss
of cell substrate adhesion, exfoliation of viable cells
from tubular basement membrane, aberrant renal cell-
cell adhesion, altered gene expression, cellular
dedifferentiation and necrosis or apoptosis. Tubular
necrosis may occur due to depletion of cellular ATP
stores, reduced activity of membrane transport
pumps, cell swelling, increase in intracellular free
calcium, activation of phospholipases and proteases,
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glycine depletion and plasma and subcellular
membrane injury. These adverse effects rarely occur,
but their frequency has increased due to the high
prescription of these drugs (81).

Others xenobiotics

In addition to the therapeutic agents, there are other
xenobiotics that cause nephrotoxicity that can be
consumed in exposure to the environment as by
exposure in the diet (Table 4).

Aristolochic acid

Aristolochic acid (AA) is the major alkaloid of the
herbal species Aristolochia and is used commonly as
an ingredient of various Chinese herbal medicines.
Since it is associated with the development of
nephrotoxicity, it is also known as “Chinese herb
nephropathy” (78). On the other hand, AA is also
present in several dietary compounds that have been
associated with Balkan endemic nephropathy (22).
AA causes renal and hepatic reductive metabolism to
form reactive aristo-lactams, which react with DNA
originating adducts. AA and its metabolite are

transported by OAT1, OAT2 and OATS3, leading to
accumulation in the renal proximal tubular cell where
production of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) occurs. This
phenomenon leads to a cell-cycle arrest, changes in
mitogen-activated  protein  kinase  signaling,
apoptosis, and activation of inflammatory mediators,
which is consistent with the formation of DNA
adducts and oxidative stress—induced DNA damage
(51,78).

Fluoride

Inorganic fluoride (F) is an environmental agent,
which in some countries is added in low quantities to
drinking water with the intention of preventing dental
caries (51). However, there is evidence that
accumulation of this element causes various adverse
effects in human tissue (82). The kidney, as the main
organ in excretion of F, undergoes toxicity by
accumulation of renal tubular cells, resulting in
oxidative stress and peroxidation of the cell
membrane lipids (83,84). Fluoride induces various

Table 4. Transporters used and diseases caused by the several nephrotoxic xenobiotics.

Xenobiotic Transporter Disease
Avrristolochic acid OAT1, OAT2, OAT3 “Chinese herb nephropathy”, Balkan endemic
nephropathy

Unknown

GLUT1, GLUTS5,
OATP2B1, MRP2,
MRP4, P-gp, MATE
OCT2, MATEL],
MATE2-K

OAT, MRP2, BCRP
OAT

OCT, MATE; P-gp

Fluoride

Metals  Arsenic

Cadmium

Mercury
Ochratoxin A
Paraquat

Tubular toxicity
Fanconi syndrome, tubular cell toxicity

Renal dysfunction by Fanconi-type syndrome,
nephrolithiasis, and hypercalciuria

Tubular cell toxicity

Tubular cell toxicity

Renal dysfunction by acute renal failure and, then,
acute oliguric renal failure

changes in cellular dynamics, such as: i) inhibition of
protein synthesis; ii) production of ROS, like O2, and
depletion of SOD?2; iii) alteration of the cellular
metabolism; iv) activation of cellular signal
transducing systems; and v) apoptosis. Histological
changes caused by F are: necrosis of glomeruli and
tubules; atrophic glomeruli and glomerular capsule;
tubular dilatation; and tubular damage (resulting
from ischemic or nephrotoxic injury) (82,84).

Metals
Renal transporters are also involved in
nephrotoxicity caused by metals (85). Arsenic (As) is

a heavy metal present in the Earth's crust and is
considered to be an environmental contaminant,
which can be found in its inorganic (iAs; arsenite,
arsenate) or organic form  (arsenobetaine,
arsenocholine and arsenosugars) (51,86). Exposure
to As is associated with the development of tumors
in various organs, like the skin, lung, bladder, liver
and kidney, as well as cardiovascular diseases,
hypertension, peripheral artery disease and diabetes
mellitus (86). Arsenic is excreted in the urine through
the kidney, where it accumulates, inducing
tubulointerstitial nephritis and acute tubular necrosis
characterized by hypercalciuria, albuminuria,
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nephrocalcinosis, and necrosis of the renal papillae
(Orr and Bridges, 2017). After being absorbed into
the kidney, iAs is methylated and the transport of iAs
as well as its methylated forms play a key role in the
accumulation of metal in proximal tubular cells and
consequently in nephrotoxicity. In the basolateral
membrane, As uptake is made by glucose
transporters 1 and 5 and OATP2B1 (although its role
in the uptake of this metal is unclear). In the apical
membrane, the efflux of As is performed by MRP2,
MRP4, P-gp and MATE (51). Once within the
proximal tubular cells, iAs causes: i) depletion of the
intracellular GSH; ii) activation of the caspase-3 and
-9 signaling pathways; iii) increases in the expression
of interleukin-6 and interleukin-8; or/and finally iv)
activation of the p-53 apoptotic pathway. These
processes lead to an increased production of ROS and
other free radicals, inflammation, and apoptosis. In
addition, there is an interruption of oxidative
phosphorylation leading to a decrease in sodium,
phosphate and glucose transport, which is
characterized as Fanconi syndrome (phosphaturia,
glucosuria and low- molecular weight proteinuria)
(86).

Cadmium (Cd) is a heavy metal to which we are
exposed in various forms, such as tobacco smoke,
contaminated foods, Ni-Cd batteries, fuel
combustion, sewage and certain medicinal herbs, and
is considered an environmental and occupational
toxicant (51). The human body does not have an
efficient mechanism of excretion of Cd and, as such,
it accumulates and has a long half-life of 10 to 30
years. Exposure to Cd leads to various diseases such
as neurological diseases, renal dysfunction,
pulmonary  complications, diabetes,  cancer,
immunosuppression, bone  disorders, and
cardiovascular diseases (1). Within the group of
organs in which Cd accumulates, the kidney is
recognized as the most toxic target. Several proteins
contribute to the accumulation of Cd in renal cells,
including metallothioneins (MTs), zinc transporters,
calcium transporters, divalent metal-ion transporter-
1, OCTs, MATE, and additional cadmium-binding
proteins containing thiol groups. That is, Cd
circulates in blood bound to albumin for the most
part, but also to thiol-containing groups such as GSH
and L-cysteine (Cys). Once in the liver, Cd stimulates
the formation of MTs, developing Cd-MT complexes
that are released into the bloodstream and later
absorbed into the kidney (88). Of the already
mentioned carriers, OCTs (more specifically, OCT2)
and MATE are particularly interesting since they are
capable of uptake and efflux of Cd from tubular cells,
respectively, by eliminating Cd from the human body
and attenuating its effects on other organs (87; 88).

The mechanism of toxicity of Cd involves provoking
the formation of ROS and thus generating oxidative
stress; cell apoptosis, and glomerular contraction
(1,88). On the other hand, Cd can mimic some
essential metals, such as calcium, disturbing the
homeostasis of electrolytes and some metabolites,
which can result in Fanconi-type syndrome,
nephrolithiasis, and hypercalciuria (51).

Another heavy metal worth mentioning is
Mercury (Hg). This heavy metal has 3 forms:
elemental Hg (Hg0); Hg inorganic (which includes
mercurous mercury [Hg*] and mercuric mercury
[Hg?*] and organic Hg, where methylmercury
(MeHg) protrudes (89). All forms of Hg are
nephrotoxic; however, exposure to Hg?* has the
greatest nephrotoxic effects, with the kidney being
the site of greatest accumulation of Hg?*. Thus, HgO
and MeHg are neurotoxic, whereas inorganic
mercury salts are nephrotoxic. Hg binds to one or
more thiol-containing biomolecules, such as GSH,
Cys, N-acetylcysteine (NAC) and albumin. Its
binding to GSH, by itself, already decreases the
cellular antioxidant capacity against oxidative stress
and inflammation (87,89). OATs uptake Hg?* and
MeHg from the blood to proximal tubular cells,
whereas the efflux to the urine is done by MRP2 and
BCRP, which are responsible for their accumulation.
The strong binding to proteins mentioned above
contributes to the mechanism of action of this metal,
since it can develop cell injury pathways, resulting in
cell death (1).

Ochratoxin A

Ochratoxins are one of the important groups of
mycotoxins. Ochratoxin A (OTA) is the most
prevalent of this group, being produced by several
species of fungi from Penicillium and Aspergillus
genera that contaminate animal feed and food
worldwide (90,91). OTA is structurally different
from Ochratoxin B and C. The major renal diseases
that OTA causes are Balkan endemic nephropathy
(BEN), chronic interstitial  nephritis, and
karyomegalic interstitial nephritis. The mechanisms
of action of OTA include: i) inhibition of protein
synthesis; ii) interference with metabolic pathways
involving phenylalanine; iii) disruption of calcium
homeostasis; iv) promotion of membrane lipid
peroxidation; v) inhibition of mitochondrial
respiration; and vi) DNA damage and the modulation
of gene expression (90). In addition, excretion of
OTA into the urine is mainly by tubular secretion,
presumably via the OAT system, which causes
accumulation of this compound in the tubular cells
and, consequently, nephrotoxicity (1,92).

348



J Pharm Pharm Sci (www.cspsCanada.org) 23, 333 -356, 2020

Paraquat

Paraquat (PQ) is a non-selective contact herbicide
used globally as the desiccant and defoliant in a
variety of crops. PQ is involved in thousands of fatal
poisonings from accidental and intentional exposure
(93). This small divalent -cation, after oral
administration, is rapidly distributed accumulating in
large concentrations in the kidney, liver, and lung.
Pneumotoxicity is the major cause of mortality, since
the lung possesses the polyamine uptake system
(SLC22), which results in PQ accumulating here in
greater quantities. Furthermore, PQ is also a
nephrotoxic agent, as the kidney is the site of its
excretion, subjecting the proximal tubules in
particular to damage (1,94). In the kidney, the influx
of PQ is performed by OCT while the efflux is done
by the MATE transporter and P-gp (12,94,95). The
mechanism of PQ toxicity is based on entering redox
cycling in the presence of oxygen, leading to ROS
and, consequently, oxidative stress. In PQ
intoxications it is common to observe acute renal
failure, and acute oliguric renal failure in more severe
intoxications (96). In the event of kidney
dysfunction, this herbicide will not be properly
eliminated from the human body, leading to greater
accumulation in other organs, such as the lung,
leading to pulmonary toxicity, multi-organ failure
and death (97).

Drug-drug interactions
Both in therapeutics and in cases of intoxication,
multiple  xenobiotics can be administered
simultaneously, triggering drug-drug interactions
(DDIs). DDIs may result in greater or lesser amounts
of the xenobiotic, in the event of inhibition or
induction, respectively (98). Thus, when two drugs,
transported by the same carrier, are co-administered,
DDls can occur in one of two ways: i) competitive
inhibition, where drugs compete for the same binding
site to the carrier, binding to the one with the highest
affinity; or ii) non-competitive inhibition, where one
of the drugs binds to a non-transporting site by
altering the conformation of the protein (18). In
therapeutics, compounds have been studied that are
able to inhibit or induce the activity of these
transporters, since DDIs may alter pharmacokinetics
and pharmacodynamics of other compounds that are
co-administered (21,99). On the other hand, it is
important to evaluate the specificity of the
transporters of the SLC and ABC superfamilies
(Tables 5 and 6), which regulate the transport of
various drugs that may cause nephrotoxicity due to
their accumulation (23,100).

A classic example of DDIs is the interaction
between probenecid and B-lactam antibiotic, in

which there is an increased exposure to penicillin due
to inhibition of OAT1 and OAT3 (15,99). However,
if NSAIDs are co-administered with antiviral agents,
such as adefovir, they may inhibit antiviral uptake by
attenuating its nephrotoxic effects (23). On the other
hand, probenecid began to be used to increase the
concentrations of other drugs to maximize the
therapeutic effect (6). OCTs and OCTNSs are also
carriers that can mediate DDIs since, for example,
OCTNL1 is inhibited by quinidine, levofloxacin and
verapamil (18,20). As previously mentioned, OCT
and MATE cooperate in the excretion of compounds,
so nephrotoxicity may result from changes in both
(29). For example, the Hy-receptor antagonist
cimetidine and the antimalarial agent pyrimethamine
inhibit MATE ten times more than OCT2. Thus,
when co-administered with substrates of MATE,
they will cause DDIs with increased drug exposure
(44).

P-gp is inhibited by protease inhibitors, statin
calcium antagonists, immunosuppressants,
antimycotic agents and many other substances,
whereas its activity is induced by rifampicin,
cytostatic agents, corticosteroid hormones and other
molecules. All these compounds may alter the
elimination of digoxin, quinidine, cyclosporine,
clarithromycin and ritonavir by this carrier protein
(12). On the other hand, P-gp is induced by many
drugs, including dexamethasone, rifampicin,
doxorubicin (95). Table 7 summarizes some
examples of P-gp inducers, which increase its
expression in the brain, liver, intestine and kidney.

P-gp activity can also be increased by activation,
where compounds, including Hoechst-33342 and
rhodamine 123, bind to this transporter altering their
conformational  structure and, consequently,
stimulating the transport of substrates that use the
other binding site. Thus, this transporter contains, at
least, two cooperative sites for compounds to bind to
and be transported (101). This activation mechanism
is a more rapid process than P-gp induction since that
increases P-gp transport function without interfering
with the protein expression levels, unlike what
happens in the induction of P-gp where the inducer
increases the expression of this protein (95). This
phenomenon of induction/activation can be
harnessed in therapy. Some studies show that P-gp
inducers, like doxorubicin, can increase P-gp activity
in Caco-2 cells, leading to a more efficient transport
of PQ to extracellular matrices and a decrease in PQ
intracellular accumulation. Silva et al were able to
decrease the toxicity of PQ using di-hydroxylated
xanthonic derivatives as inducers and activators of P-
gp (95). Lopes et al characterized thioxanthone
derivatives, particularly chiral
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aminatedthioxanthones, successively as activators of B
P-gp (102). In the future, it would be interesting to |
study inducers and activators of P-gp through
specific models of the kidney, since it could be a
detoxifying system against xenobiotics, including the
nephrotoxic ones. As suggested by del Moral and his
group, the P-gp overexpression in renal tubular cells
decreases the nephrotoxicity caused by cyclosporine
A (103). Another medication that also causes
nephrotoxicity is cisplatin. Thus, it would be possible
to use this drug in a safer form in tumor therapy if we
can eliminate it more quickly and efficiently from
renal tubular cells by activation/induction of P-gp,
reducing the side effects of this drug (Figure 8).

Figure 8. Representation of the difference between
transport performed by P-gp with/without activation.

Table 5. Inhibitors and substrates affected by DDIs of the uptake transporters (Giacomini et al., 2010;
Huneycutt et al., 2018; Pochini et al., 2019).

Transporter Substrate (affected by the inhibitor) Inhibitor
OAT1 PAH, adefovir, cidofovir, zidovudine, lamivudine, Probenecid, novobiocin
zalcitabine, acyclovir, tenofovir, ciprofloxacin,
methotrexate
OAT3 Oestrone-3-sulphate, non-steroidal anti-inflammatory Probenecid, novobiocin
drugs, cefaclor, ceftizoxime, furosemide, bumetanide
OCT1 Tetraethylammonium, N-methylpyridinium, metformin, Quinine, quinidine,
oxaliplatin disopyramide
N-Methylpyridinium, tetraethylammonium, metformin*, Cimetidine, pilsicainide,
OCT2 pindolol, procainamide, ranitidine amantadine, amiloride, cetirizine, testosterone, quinid
oxaliplatin, varenicline
URAT1 Uric acid Probenecid, lesinurad
OCTN1 Amisulpiride, cytarabine, entecavir, metmorfin, pregabalin, Sulpiride
gapapentin, 5-aminosalicylic acid, camptothecin
OCTN2 Amisulpiride, cediranib, camptothecin Sulpiride, entecavir, colistin
Table 5 continues
PEPT1 Glycylsarcosine, cephalexin, cefadroxil, bestatin, Glycyl-proline

valacyclovir, enalapril, aminolevulinic acid, captopril,
dipeptides, tripeptides
PEPT?2 Glycylsarcosine, cephalexin, cefadroxil, bestatin, Zofenopril, fosinopril
valacyclovir, enalapril, aminolevulinic acid, captopril,
dipeptides, tripeptides

Table 6. Inhibitors and substrates affected by DDIs of the efflux transporters (Giacomini et al., 2010).

Transporter Substrate (affected) Inhibitor
MRP2 Glutathione and glucuronide conjugates, methotrexate, Cyclosporine, delaviridine,
etoposide, mitoxantrone, valsartan, olmesartan, efavirenz, emtricitabine

glucuronidated SN-38

MRP4 Adefovir, tenofovir, cyclic AMP, Celecoxib, diclofenac

dehydroepiandrosterone sulphate, methotrexate, .
Table 6 continues ...
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topotecan, furosemide, cyclic GMP, bile acids plus

glutathione

P-gp Digoxin, loperamide, berberine, irinotecan,
doxorubicin, vinblastine, paclitaxel, fexofenadine

BCRP Mitoxantrone, methotrexate, topotecan, imatinib,
irinotecan, statins, sulphate conjugates, porphyrins

MATE

MATE2-K

Metformin, N-methylpyridinium, tetraethylammonium

Metformin, N-methylpyridinium, tetraethylammonium

Cyclosporine, quinidine,
tariquidar, verapamil

Oestrone, 17p-oestradiol,
fumitremorgin C

Quinidine, cimetidine,
procainamide

Cimetidine, quinidine,
pramipexole

Table 7. Examples of P-gp inducers in brain, liver, intestine and kidney (Silva et al., 2015).

Organ P-gp inducer

Brain Abacavir; atazanavir; dexamethasone; dehydroxylated xanthones; insulin; ritonavir; morphine

Liver N-acetoxy-2acetylaminofluorene; 2-acetylaminofluorene; aflatoxinb1; amiodarone;
bromocriptine; dexamethasone; insulin; ivermectin; probenecid; rifampicin; TCDD

Intestine  Amiodarone; benzo(a)pyrene; benzo(e)pyrene; bilirubin; budesonide; cadmium chloride;
caffeine; carbamazepine; corticosterone; cyclophosphamide; cyclosporine a; dexamethasone;
dehydroxylated xanthones; doxorubicin; phenobarbital; phenytoin; propranolol; quinidine;
rifampicin; verapamil

Kidney Amiodarone; cyclosporine a; dexamethasone; dehydroxylated xanthones

FINAL CONSIDERATIONS

Kidney is the excretory organ of the human body,
effecting the elimination of various metabolic waste
products and xenobiotics (e.g., antiviral drugs and
antibiotics). Tubular secretion is mostly performed in
the proximal tubule in two phases (uptake of the
compounds through the basolateral membrane and
efflux of these same compounds through the apical
membrane), these cells being more susceptible to
damage. For this transport to occur, transporters,
large proteins bound to basolateral and apical cell
membranes, are present. Uptake transporters are
frequently more efficient than efflux transporters
resulting in a higher concentration of xenobiotics
within the proximal tubular cell; i.e., compound
accumulation occurs. The accumulated xenobiotics

causes renal damage. In addition, drug-drug
interactions may occur, in which the transporter may
be inhibited, induced or activated by a particular
substance, altering the excretion of other compounds,
which can be problematic. Thus, all these phenomena
demonstrate  the importance of membrane
transporters at the kidney level to the
pharmacological and toxicological effects of drugs
and other xenobiotics.
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ABBREVIATIONS

AA
ABC
ADMET

AKI
ATP
BCRP
cAMP
cGMP
CNT
COX
CsA
Cys
DDI
DNA
ENT
FDA
FRNS

GSH
HIV

iAs
MATE
MDR
MeHg
MRP
MRSA
MPP
MT
NAC
NBD
NPT

NKT

Aristolochic acid
ATP-binding cassette
Absorption, distribution,
metabolism, excretion
and transport

Acute kidney injury
Adenosine triphosphate
Breast cancer resistance
protein

Cyclic adenosine
monophosphate

Cyclic guanine
monophosphate
Sodium-coupled
concentrative nucleoside
transporters
Cyclooxygenase
Cyclosporine
L-cysteine

Drug-drug interaction
Deoxyribonucleic acid
Equilibrative nucleoside
transporter

Food and drug
association

Frequently relapsing
nephrotic syndrome
Glutathione

Human
immunodeficiency virus
Inorganic arsenium
Multidrug and toxic
compound extrusion
Multidrug resistance
protein

Methyl mercury

Multi resistance protein
Methicillin-resistant
Staphylococcus aureus
1-methyl-4-
phenylpyridinium
Metallothionein
N-acetylcysteine
Nucleotide binding
domain
Sodium-phosphate
transporter

Novel kidney transporter

NSAID

OAT

OATP

OoCT

OCTN

ROS
RNA
RNS

SAT
SOD
SNP
SLC
T3
TCDD

TEA
TMD

TMH

URAT

Nonsteroidal anti-
inflammatory drugs
Organic anion
transporter

Organic anion
transporting
polypeptides
Organic cation
transporter

Organic carnitine/cation
transporters novel

Ochratoxin A
p-aminohippurate
Peptide transporter
Prostaglandin transporter
P-Glycoprotein

Plasma membrane
monoamine transporter
Paraquat
Pseudoxanthoma
elasticum

Reactive oxygen species
Ribonucleic acid
Reactive nitrogen
species

Sulfate-anion antiporter
Superoxide dismutase
Single nucleotide
polymorphisms

Solute carrier
Triiodothyronine
2,3,7,8-
tetraclorodibenzodioxina
Tetraethylammonium
Trans membranes
domains

Trans membranes
helices

Urate transporter
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