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The role of plasma membrane transporters in the nephrotoxicity of two antiretroviral drugs, cidofovir and tenofovir, was studied in primary cultures of human proximal tubular (hPT) cells. Cells were grown on Transwell
ﬁlter inserts to maintain epithelial polarity and access to either the apical or basolateral plasma membrane. The
function of relevant membrane transporters, organic anion transporter 1 and 3 (OAT1/3), P-glycoprotein
(multidrug resistance protein-1; P-gp or MDR1), and organic cation transporter 2 (OCT2), was validated by
measurements of apical-to-basolateral and basolateral-to-apical ﬂuxes of furosemide, digoxin, and metformin,
respectively. Acute cytotoxicity of cidofovir (0, 10, 50, 150, or 300 μM) in the absence or presence of 500 μM
probenecid, tenofovir disoproxil fumarate (0, 20, 90, 180, or 360 μM) in the absence or presence of 500 μM
probenecid, or cisplatin (0, 20, 90, 180, or 360 μM) as a positive control in the absence or presence of 500 μM
cimetidine, was assessed after 4-h incubations by determinations of release of lactate dehydrogenase (LDH), γglutamyltransferase (GGT), N-acetyl-β-D-glucosaminidase (NAG), or Kidney Injury Molecule-1 (KIM-1). Cell
death generally agreed with each of the four biomarkers, was generally greater when cidofovir or tenofovir was
added to the upper compartment, and was markedly diminished in the presence of the appropriate transport
inhibitor. Additionally, the extent of cytotoxicity caused by the two antiviral drugs was similar to that caused by
cisplatin. The results demonstrate the importance of plasma membrane transport of antiviral drugs to elicit
cytotoxicity in the hPT cell.

1. Introduction
Antiretroviral (ARV) drugs have become key therapeutics against
such infectious agents as human immunodeﬁciency virus (HIV), hepatitis B, cytomegalovirus, and other herpes viruses. As with many chemotherapeutics, however, their clinical use is often limited by nontarget organ toxicities. Two of the most important ARVs are cidofovir
and tenofovir.
Cidofovir was approved by the U.S. Food and Drug Administration
in 1996 as an antiviral nucleoside analogue with potent activity against
cytomegalovirus and other herpes viruses. However, it was found to
exhibit dose-limiting nephrotoxicity (News, 1997). Studies in both

laboratory animals (Lacy et al., 1998) and humans (Lalezari et al.,
1995) showed protection with probenecid. In fact, co-administration
with probenecid and intravenous saline hydration became the normal
treatment protocol (Lea and Bryson, 1996). An advantage over previously developed ARVs was that cidofovir does not require viral activation (Lalezari, 1997), but is activated by phosphorylation by cellular
enzymes to inhibit viral DNA polymerase (Lea and Bryson, 1996). Cidofovir also has eﬃcacy against a broad range of viruses, including
refractory and premalignant human papillomavirus (Coremans and
Snoeck, 2009). Despite reports of nephrotoxicity, a carefully designed
therapeutic regimen can allow cidofovir to be used without nephrotoxicity being a limiting problem (Araya et al., 2008).

Abbreviations: ARV, antiretroviral; CHO, Chinese Hamster Ovary; CID, collision-induced dissociation; DMEM/F12, Dulbecco’s Modiﬁed Eagle’s Medium: Ham’s F12 Medium; DMF,
dimethylformamide; DMSO, dimethylsulfoxide; GGT, γ-glutamyltransferase; HIV, human immunodeﬁciency; hPT, human proximal tubular; IS, internal standard; JAB, apical-to-basolateral ﬂux; JBA, basolateral-to-apical ﬂux; KIM-1, Kidney Injury Molecule-1; LC–MS/MS, liquid chromatography-mass spectrometry/mass-spectrometry; LDH, lactate dehydrogenase;
MATE1, multidrug and toxin extrusion protein 1; MRM, multiple reaction monitoring; MRP, multidrug resistance-associated protein; NAG, N-acetyl-β-D-glucosaminidase; OAT, organic
anion transporter; OATP, organic anion-transporting polypeptide; OCT, organic cation transporter; PBS, phosphate-buﬀered saline; P-gp, P-glycoprotein (also called MDR1, multidrug
resistance protein 1); PT, proximal tubular; TAF, tenofovir alafenamide; TDF, tenofovir disoproxil fumarate; TISP, turbo ionspray
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2. Materials and methods

Eﬀective transport into renal proximal tubular (PT) cells is an important component for many nephrotoxic agents. Cidofovir is transported
into renal PT cells by the human organic anion transporter 1 (hOAT1;
SLC22A6), as demonstrated in Chinese Hamster Ovary (CHO) cells stably
transfected with hOAT1 cDNA (Ho et al., 2000). Intracellular accumulation of cidofovir in transfectants was > 100-fold higher than in parental CHO cells, and this accumulation was associated with enhanced
cytotoxicity, which was reduced by addition of the OAT1 inhibitor probenecid. This is consistent with the clinical data described above,
showing that co-administration of cidofovir with probenecid diminished
nephrotoxicity. Diminished capacity for excretion is another important
factor: Cundy et al. (1996) found a prolonged elimination phase for cidofovir in African Green Monkeys, consistent with a long intracellular
half-life for the phosphorylated form of the drug.
Although most of the mechanistic studies on cidofovir have been
performed in transfected cell lines, Ortiz et al. (2005) showed that cidofovir caused a time- (peak at 7 days) and concentration- (10–40 μg/
ml) dependent incidence of apoptosis in primary cultures of human
proximal tubular (hPT) cells. Such a pattern was concluded to be consistent with that of clinical toxicity. Apoptosis was prevented by probenecid, again demonstrating the critical role of membrane transport in
cytotoxicity.
Tenofovir, originally given as the disoproxil fumarate preparation
(TDF), was the ﬁrst nucleotidic inhibitor of HIV reverse transcription
and became available in 2001. It has been extensively used worldwide
and is the most prescribed ARV drug. Early clinical trials suggested that
TDF was safer than other ARVs. Even as early as 2001, however, cases
of TDF-induced nephrotoxicity were reported and such occurrences
were considered a potentially serious dose-limiting side eﬀect (Foisy
et al., 2013; Gupta et al., 2012; Hall, 2013; Mitra et al., 2014;
Monteagudo-Cho et al., 2012; Mouton et al., 2016; Tourret et al., 2013).
As noted in a recent review (Murphy and Valentovic, 2017), changes in
dosing of tenofovoir are needed in the presence of renal impairment.
Risk factors for development of tenofovir-induced nephrotoxicity include elevated baseline serum creatinine, low body weight, advanced
age, TDF dose and duration of treatment, and low CD4 content (Jafari
et al., 2014). An alternative preparation of tenofovir, tenofovir alafenamide (TAF), has been recently developed; Phase 3 clinical trial data
and other studies in patients with acquired immunodeﬁciency disease,
suggest that TAF may have a lower potential than TDF for causing renal
injury (Aloy et al., 2016; Wyatt, 2016). A review of studies published in
PubMed from 2004 through May 2016 on the relative eﬃcacy and
safety of TAF and TDF, emphasized the importance of renal transport
processes in determining the pharmacokinetics and pharmacodynamics
of tenofovir (Gibson et al., 2016).
As was the case for cidofovir, CHO cells transfected to express hOAT
eﬃciently transported and accumulated tenofovir (Cihlar et al., 2001).
Similarly, human HEK293 cells expressing cDNAs for either hOAT1 or
hOAT3 (SLC22A8), but not human organic cation transporter 2
(hOCT2; SLC22A2), transported tenofovir, with hOAT1 identiﬁed as the
major carrier (Uwai et al., 2007). The human organic cation transporter
1 (hOCT1; SLC22A1) has also been concluded to not be involved in
tenofovir transport (Shen et al., 2017). Nieskens et al. (2016) further
showed in a hPT-derived cell line that stably expressed hOAT1 and
hOAT3, that transport activity was related to or predictive of cytotoxicity of ARV drugs, including tenofovir.
In the present work, primary cultures of hPT cells were used to
directly test, in a validated model that represents the in vivo renal
proximal tubule from human kidney, the hypothesis that the ARVs cidofovir and tenofovir disoproxil fumarate (TDF) are cytotoxic to hPT
cells and that cytotoxicity is dependent on their carrier-mediated uptake into the target cell, using the OAT inhibitor probenecid.
Comparisons are made with cisplatin, another chemotherapeutic agent
that exhibits a well-known, dose-limiting nephrotoxicity. Transportdependent cytotoxicity of cisplatin was demonstrated using the OCT2
competitive inhibitor cimetidine.

2.1. Experimental design
For all studies, cells were grown to approximately 90% conﬂuence
on collagen-coated Transwell® inserts (6-well, 0.4-μm pore size) with
serum-free, hormonally-deﬁned Dulbecco’s Modiﬁed Eagle’s Medium:
Ham’s F12 Medium (DMEM/F12; 1/1; 3.0 ml in upper compartment,
1.5 ml in lower compartment), as done previously for transport studies
in hPT cells (Lash et al., 2006). As hPT cells grow with their brush
border facing upwards and their basal membrane on the growth surface, the upper compartment is functionally analogous to the tubular
lumen whereas the lower compartment is functionally analogous to the
interstitial ﬂuid and nearby perfusing capillaries. Accordingly, for
transport studies, addition of drug to the lower compartment followed
by measurement of drug in the upper compartment allows one to
measure basolateral-to-apical ﬂux (JBA) whereas addition of drug to the
upper compartment followed by measurement of drug in the lower
compartment allows one to measure apical-to-basolateral ﬂux (JAB).
Similarly, for cytotoxicity studies, addition of drug to the lower compartment along with appropriate transport inhibitors allows one to assess the importance of basolateral plasma membrane transporters in
determining cytotoxicity whereas addition of drug to the upper compartment along with appropriate transport inhibitors allows one to assess the importance of apical plasma membrane transporters in determining cytotoxicity.
We took a conservative approach by evaluating toxicity at relatively
high concentrations and a short incubation time to detect toxicity. As
transporters are involved in the uptake of these drugs, their concentrations would mimic their accumulation and if toxicity could be
detected in a short-term incubation, then this decreases the risk of
missing a true toxicity eﬀect. Moreover, cytotoxicity of other nephrotoxic chemotherapeutic agents has previously been determined at
1, 2, 4, and 24 h of incubation (Gallardo-Godoy et al., 2016; Huang
et al., 2015). The extent of cytotoxicity at the 1- and 2-h incubation
times is typically much less than that observed at the 4-h incubation
time whereas cytotoxicity after 24 h is only modestly greater than that
observed at the 4-h incubation time. Thus, the 4-h time point was
chosen as the optimal time point at which to compare relative toxicity.
Probenecid (500 μM) was added to inhibit hOAT1/3, which transports both cidofovir and tenofovir into the hPT cell, and cimetidine
(500 μM) was added to inhibit hOCT2, which transports cisplatin (positive control for a chemotherapeutic agent that is well known to cause
nephrotoxicity as a dose-limiting side eﬀect) into the hPT cell.
Probenecid or cimetidine, as a single agent, did not cause any of the
four biomarkers to increase in their release (see Results).
The range of concentrations of ARVs tested in the hPT cells is based
on those used previously for nephrotoxic antibiotics (Gallardo-Godoy
et al., 2016; Huang et al., 2015). In terms of their relevance to potential
in vivo exposures, although this concentration range (i.e., 10 μM to
360 μM) is much higher than the estimated Cmax from clinical studies,
which is approximately 1 μM for both cidofovir (Painter et al., 2012)
and tenofovir (Kearny et al., 2006), it is certainly reasonable based on
the characteristic ability of the renal proximal tubule to accumulate and
concentrate many blood-borne chemicals. For example, the Km of
hOAT1 for cidofovir is 58 μM (Cihlar et al., 2009; Ho et al., 2000) and
that reported for hOAT1 and hOAT3 for tenofovir is 34 μM and 770 μM,
respectively (Cihlar et al., 2009). Hence, the kinetic parameters of
hOAT1 for the two ARVs are well within the range of concentrations
tested in the present study with the hPT cells.
2.2. Materials
Each of the following chemicals was purchased from Sigma
Chemical Co. (St. Louis, MO, USA), and are listed as follows: Name
(manufacturer; catalogue number; diluent) − Cidofovir (Sigma;
11
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that the concentrations of these antimicrobial agents used in the cell
culture media are 10- to 50-fold lower than doses that cause nephrotoxicity in vivo.
Cells were seeded in a volume of 0.5 ml at a density of 50–100 μg
protein per cm2 (0.5–1.0 × 106 cells/ml) on 24-well plates. Cultures
were grown at 37 °C in a humidiﬁed incubator under an atmosphere of
95% air/5% CO2 at pH 7.4. Cultures were grown to approximately
80%-90% conﬂuence (generally 5-6 days) prior to experiments. Cells
were harvested by either scraping the ﬂasks with a Teﬂon scraper or by
brief incubation with Cellstripper (Cellgro, Herndon, VA, USA) (in
Ca2+- and Mg2+-free Hanks’ buﬀer).

Table 1
Summary of characteristics of donor kidneys used for human proximal tubular
(hPT) cell primary culture.

Human Kidney #1
Human Kidney #2
Human Kidney #3

Age

Gender

Race

COD

64
59
77

Male
Female
Male

Caucasian
African American
Caucasian

CVA
CVS
CVS

Abbreviations: COD, cause of death; CVA, cardiovascular arrest; CVS, cerebrovascular stroke.

#C5874; aqueous); cimetidine (Sigma; #C4522; aqueous with heat);
cisplatin (Sigma; #P4394; aqueous with heat); digoxin (Fluka; #D6003;
DMSO); furosemide (Sigma; #F4381; DMSO); metformin (Fluka;
#PHR1084; aqueous); probenecid (Sigma; #P8761; DMSO); tenofovir
disoproxil fumarate (TDF) (Matrix Scientiﬁc; #075876; DMF). All solvents used for chemicals were present in incubations at a ﬁnal concentration of ≤1% (v/v). Collagenase (type IV; Sigma # C-5138) was
used in the cell isolation.

2.4. Transport assays
Cell cultures grown to 80% to 90% conﬂuence on Transwell® inserts
were incubated with transport substrates (5 or 50 μM furosemide, digoxin, or metformin) added to either the lower or upper compartment
for 1, 2, 5, 10, 20, or 30 min. Each of the above substrates is considered
a marker for a speciﬁc carrier(s), as illustrated in Fig. 1. Although some
steps in the vectorial transport of these drugs and marker substrates
include pH-dependent processes (e.g., cisplatin eﬄux by the multidrug
and toxin extrusion protein 1 [MATE1; SLC47A1]), the standard cell
culture medium was used in both upper and lower compartments, with
the pH in both compartments being buﬀered to 7.36. As our primary
focus was to demonstrate functionality of ARV uptake carriers and the
role of these carriers in ARV-induced cytotoxicity, the function of eﬄux
carriers was not investigated beyond the demonstration of digoxin ﬂux.
Thus, furosemide is transported across renal hPT cells primarily by
OAT1 and OAT3 at the basolateral plasma membrane; digoxin is most
actively transported from inside the hPT cells into the tubular lumen via
P-gp on the apical membrane; metformin is primarily transported by
OCT2 at the basolateral membrane. The use of probenecid as an inhibitor of OAT1 and OAT3 and cimetidine as an inhibitor of OCT2 is
also illustrated.
At the indicated time point, samples of extracellular media in each
compartment were removed and the cells attached to the ﬁlters were
removed by scraping with a Teﬂon scraping tool into 0.5 ml of PBS.
These samples were analyzed for transport substrate content by liquid
chromatography-mass spectrometry/mass spectrometry (LC–MS/MS)
(see Section 2.6).

2.3. Isolation and culture of hPT cells
hPT cells were derived from whole human kidneys that were obtained through the International Institute for the Advancement of
Medicine (Edison, NJ, USA). All tissue was scored by a pathologist as
normal (i.e., derived from non-cancerous, non-diseased tissue). Deidentiﬁed kidneys were obtained from three donors, whose characteristics are summarized in Table 1.
Whole kidneys were perfused with Wisconsin or similar type
medium and kept on ice until they arrived at the laboratory, which was
usually within 24 h of removal from the donor. Tissue dissection and
digestion and cell isolation procedures were based on those originally
described by Todd et al. (1996), modiﬁed (Cummings and Lash, 2000;
Cummings et al., 2000), and reported in Huang et al. (2015).
Brieﬂy, sterile conditions (i.e., all instruments and glassware were
autoclaved and all buﬀers were ﬁltered through a 0.2-μm pore-size
ﬁlter) were used. Renal cortex and outer stripe of the outer medulla
were cut into slices, washed with sterile PBS, minced, and the pieces
were placed in a trypsinization ﬂask ﬁlled with 300 ml of sterile, ﬁltered Hanks’ buﬀer, containing 25 mM NaHCO3, 25 mM HEPES, pH 7.4,
0.5 mM EGTA, 0.2% (w/v) bovine serum albumin, 50 μg/ml gentamicin, 1.3 mg/ml collagenase, and 0.59 mg/ml CaCl2, which was ﬁltered prior to use.
All buﬀers were continuously bubbled with 95% O2/5% CO2 and
were maintained at 37 °C. Minced cortical/outer stripe pieces from
whole kidneys were subjected to collagenase digestion for 60 min, after
which the supernatant was ﬁltered through a 70-μm nylon mesh ﬁlter
to remove tissue fragments, centrifuged at 150 × g for 7 min, and the
pellet resuspended in DMEM/F12 (1/1). Approximately 5 to 7 × 106
cells were obtained per 1 g of human kidney cortical tissue.
hPT cells were resuspended in 2 ml of DMEM/F12 and diluted to
500 ml with cell culture medium, which was serum-free and hormonally-deﬁned. Composition of this supplemented medium was based on
earlier work establishing optimal conditions for primary culture of rat
PT cells (Lash et al., 1995). Basal medium was a 1:1 mixture of DMEM/
F12. Standard supplements included 15 mM HEPES, pH 7.4, 20 mM
NaHCO3, antibiotics for day 0 through day 3 only (192 IU penicillin G/
ml + 200 μg streptomycin sulfate/ml + 50 μg gentamicin/ml) to inhibit bacterial growth, 2.5 μg amphotericin B/ml to inhibit fungal
growth, 5 μg bovine insulin/ml (=0.87 μM), 5 μg human transferrin/ml
(=66 nM), 30 nM sodium selenite, 100 ng hydrocortisone/ml
(=0.28 μM), 100 ng epidermal growth factor/ml (=17 nM), and 7.5 pg
3,3′,5-triiodo-DL-thyronine/ml (=111 nM). The three antibiotics are
only included during cell isolation and through day-3 of culture and are
essential to prevent bacterial and fungal growth. It is important to note

2.5. Determination of JAB and JBA
Apical-to-basolateral (JAB) and basolateral-to-apical (JBA) ﬂuxes
were determined by the following equations, in units of nmol/cm2:
JAB = [Conc AB × Vol (receiver)]/A
JBA = [Conc BA × Vol (receiver)]/A
Conc AB or Conc BA is the concentration in the basolateral side
following dose addition to the apical side or concentration in the apical
side following dose addition to basolateral side, respectively. Vol (receiver) is the volume on the receiver side of the transwell (apical
side = 1.5 ml and basolateral side = 3 ml) and A is the surface area of
the membrane (=0.33 cm2). Time points were 1, 2, 5, 10, 20 and
30 min.
2.6. LC–MS/MS assays
Furosemide, digoxin, and metformin contents in lower and upper
compartments and cell extracts were measured by LC–MS/MS. Primary
stock solutions of each analyte were prepared at a concentration of
1 mg/ml in DMSO. Calibration standards were prepared in phosphatebuﬀered saline (PBS) from 0.25 μM–50 μM for each of the substrates.
Aliquots (50 μl) of each furosemide sample and calibration standards
prepared in PBS were combined with 50 μl of d5-furosemide in
12
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Fig. 1. Scheme of transport processes involved in uptake or
eﬄux of antiretroviral compounds in human proximal tubular
cells.
Characteristic substrates for each carrier are shown. Inhibitors
(indicated by “–”) for OAT1/3 and OCT2 are also shown.
Abbreviations: MDR1, multidrug resistance protein 1; OAT1/
3, organic anion transporter 1/3; OCT2, organic cation
transporter 2; P-gp, P-glycoprotein; TDF, tenofovir disoproxil
fumarate.

methanol (1 μg/ml) and 5 μl of the mixture was injected onto LC–MS/
MS. Aliquots (25 μl) of each digoxin sample and calibration standards
prepared in PBS were combined with 200 μl of digitoxin (internal
standard; IS) prepared in methanol (1 μg/ml). The digoxin samples and
standards were further diluted into 350 μl of acetonitrile and 20 μl was
injected onto LC–MS/MS. Aliquots (25 μl) of each metformin sample
and calibration standards prepared in PBS were combined with 25 μl of
d6-metformin in acetonitrile (1 μg/ml). The sample and standards were
further diluted into 350 μl of acetonitrile and 5 μl of the mixture was
injected onto LC–MS/MS.
The HPLC system consisted of an Agilent (Santa Clara, CA, USA)
1200 HPLC pump and a leap CTC PAL autosampler (Cary, NC, USA).
The mass spectrometer was an Applied Biosystems Sciex (Toronto, ON,
Canada) API-4000 QTRAP mass spectrometer (MS/MS) with a heated
nebulizer interface.

2.6.2. Digoxin
The HPLC column (50 × 2.1 mm) was a 4-μM Synergi Max RP
analytical column from Phenomenex (Torrance, CA, USA) for the analysis of digoxin and digitoxin (IS). Column temperature was held at
room temperature. Mobile phase A consisted of water with 5 mM ammonium formate (pH 3.4) and mobile phase B consisted of acetonitrile
with 0.1% formic acid. Chromatography was performed using a gradient with an initial ﬂow rate of 0.75 ml/min and 5% mobile phase B
for 1 min. Mobile phase B was increased to 99% over 0.5 min and held
at 99% B for 2.5 min at a ﬂow rate of 1 ml/min. The mobile phase was
returned to initial conditions in 0.1 min and held at initial conditions
for an additional 2.9 min. Total run time was 5 min for each injection.
Precursor ions for digoxin and digitoxin were determined from mass
spectra obtained during infusion of neat solutions into the API 4000
Qtrap mass spectrometer. Using API TISP source, the mass spectrometer
was operated in the positive ionization mode. Under these conditions,
digoxin and digitoxin yielded predominantly ammonium adduct ion
[M + NH4]+ at m/z 798 for digoxin and m/z 782 for digitoxin. Each of
the precursor ions was subjected to CID to determine the resulting
product ions. The most abundant product ion at m/z 651 (digoxin) and
635 (IS) resulting from fragmentation were selected for MS/MS detection of each of the analytes. After optimization, ionization of analytes
was carried out using the following settings: source temperature,
325 °C; ion source voltage, 5000 V; curtain gas (nitrogen) 11 and GS1 at
20. Interface independent instrument parameters were optimized at
CAD: Medium, DP: 76, EP:10, CE:20, CXP: 14. The electron multiplier
was set at 2800 V.

2.6.1. Furosemide
The HPLC column (50 × 4.6 mm) was a 3.5-μM Xterra RP18 analytical column from Waters (Milford, MA, USA) and was used for the
analysis of furosemide and d5-furosemide (IS). Column temperature was
held at room temperature. Mobile phase A consisted of water with 0.1%
formic acid and mobile phase B consisted of acetonitrile with 0.1%
formic acid. Chromatography was performed using a gradient with a
ﬂow rate of 0.75 ml/min and 5% mobile phase B for 1 min. Mobile
phase B was increased to 95% over 2 min and held at 95% B for 0.5 min.
The mobile phase was returned to initial conditions in 0.5 min and held
at initial conditions for 1 min. Total run time was 5 min for each injection. Precursor ions for furosemide and d5-furosemide were determined from mass spectra obtained during infusion of neat solutions
into the API 4000 Qtrap mass spectrometer. Using API turbo ionspray
(TISP) source, the mass spectrometer was operated in the negative ionization mode. Under these conditions, furosemide and d5-furosemide
yielded predominantly [M-H]− ion at m/z 328 for furosemide and m/z
334 for d5-furosemide. Each of the precursor ions was subjected to
collision-induced dissociation (CID) to determine the resulting product
ions. The most abundant product ion, m/z 289, resulting from fragmentation was chosen for MS/MS detection of both furosemide and d5furosemide. After optimization, ionization of analytes was carried out
using the following settings: source temperature, 350 °C; ion source
voltage, −4200 V; curtain gas (nitrogen) 10 and GS1 at 20. Interface
independent instrument parameters were optimized at CAD: Medium,
DP: −60, EP:−10, CE:−22, CXP: −7. The electron multiplier was set
at 2800 V.

2.6.3. Metformin
The HPLC column (150 × 2.1 mm) was a 3-μM Altima HP analytical
column from Waters (Milford, MA, USA) for the analysis of metformin
and d6-metformin (IS). Column temperature was held at 40 °C. Mobile
phase A consisted of water with 5 mM ammonium formate and 0.1%
formic acid (pH 2) and mobile phase B consisted of acetonitrile with
0.1% formic acid. Chromatography was performed using a gradient
with a ﬂow rate of 0.75 ml/min and 90% mobile phase B for 2 min.
Mobile phase B was decreased to 75% over 2 min and held at 75% B for
0.5 min. The mobile phase was returned to initial conditions in 0.1 min
and held for an additional 1.4 min. Total run time was 4 min for each
injection. Precursor ions for metformin and d6-metformin were determined from mass spectra obtained during infusion of neat solutions
into the API 4000 Qtrap mass spectrometer. Using API TISP source, the
mass spectrometer was operated in the positive ionization mode. Under
13
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v) Triton X-100, in total cells. The fraction of LDH release as an index of
irreversible injury or necrosis was calculated according to:
%LDH release = [(LDH activity in lower compartment
media + LDH activity in upper compartment media)/(LDH activity in
lower compartment media +LDH activity in upper compartment
media + LDH activity in total cells)] x 100%.
γ-Glutamyltransferase (GGT) release was measured by determining
GGT activity in lower and upper compartment media and cell extracts
according to Orlowski and Meister (1963) with 2.5 mM γ-glutamyl-pnitroanilide and glycylglycine as substrates and measuring formation of
p-nitroanilide as absorbance at 410 nm. Percent GGT release was calculated as for LDH above.
N-Acetyl-β-D-glucosaminidase (NAG) release was quantiﬁed by
measuring activity in lower and upper compartment media with a kit
according to the manufacturer’s directions (Diazyme Laboratories;
Poway, CA, USA). Release was expressed as the amount in each extracellular compartment.
Kidney Injury Molecule-1 (KIM-1) release was quantiﬁed by measuring content in lower and upper compartment media with the DuoSet
ELISA kit from R&D Systems (Minneapolis, MN, USA). Release was
expressed as the amount in each extracellular compartment.

these conditions, metformin and d6-metformin yielded predominantly
[M + H]+ ion at m/z 130 for metformin and m/z 136 for metformin
and d6-metformin, respectively. Each of the precursor ions was subjected to CID to determine the resulting product ions. The most abundant product ions, at m/z 71 (metformin) and 77 (d6-metformin) resulting from this fragmentation pattern was selected for MS/MS
detection for each analyte. After optimization, ionization of analytes
was carried out using the following settings: source temperature,
550 °C; ion source voltage, 5500 V; curtain gas (nitrogen) 10 and GS1
and GS2 at 35 and 45, respectively. Interface independent instrument
parameters were optimized at CAD: Medium, DP: 61, EP:10, CE:29,
CXP: 12. The electron multiplier was set at 2800 V.
Multiple reaction monitoring (MRM) mode was used in the MS/MS
acquisition method for quantitation of substrates with a dwell time of
150 ms for each analyte. Quantitation data were collected and processed using Sciex Analyst 1.1.

2.7. Cytotoxicity assays
Previous work in these cells, studying a variety of known nephrotoxic and potentially nephrotoxic antibiotics (Gallardo-Godoy
et al., 2016; Huang et al., 2015) have described the use of biomarker
assays to indicate cytotoxicity in hPT cell primary cultures.
Lactate dehydrogenase (LDH) release was measured by determining
LDH activity (measured spectrophotometrically as NADH oxidation at
340 nm) in lower and upper compartment media and, after removal of
media, washing cells with PBS, and solubilization of cells with 0.1% (v/

2.8. Statistical analysis
Results are expressed as means ± SEM of triplicate measurements
from three individual cell cultures. A two-way ANOVA followed by a
least-signiﬁcance diﬀerence t-test was performed to determine for

Fig. 2. Time courses of furosemide transepithelial ﬂuxes in hPT cell preparations.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated for various times up to 30 min with 50 μM furosemide
(panels A and B) or for various times up to 20 min with 5 μM furosemide (panel C) added to either the upper or lower compartment. Furosemide contents in each
supernatant and in total cell extracts were measured by LC–MS to calculate the apical-to-basolateral ﬂux (JAB) and the basolateral-to-apical ﬂux (JBA). Results are the
average of duplicate measurements for each kidney cell preparation. Panels A–C: Full time courses (1–30 min) with points connected by interpolation. Panels D–F:
Time courses during linear phase of transport (1–10 min) with points connected by linear regression. Regression equations with R2 values are shown above each plot.
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Fig. 3. Time courses of digoxin transepithelial ﬂuxes in hPT cell preparations.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated for various times up to 30 min with 50 μM digoxin
(panels A and B) or for various times up to 20 min with 5 μM digoxin (panel C) added to either the upper or lower compartment. Digoxin contents in each supernatant
and in total cell extracts were measured by LC–MS to calculate the apical-to-basolateral ﬂux (JAB) and the basolateral-to-apical ﬂux (JBA). Results are the average of
duplicate measurements for each kidney cell preparation. Panels A–C: Full time courses (1–30 min) with points connected by interpolation. Panels D–F: Time
courses during linear phase of transport (1–10 min) with points connected by linear regression. Regression equations with R2 values are shown above each plot.

physiologically, was much greater. Unlike the time courses for furosemide ﬂux, however, those for digoxin suggest a greater degree of
leakiness of the cells.
The general patterns of metformin ﬂux (Fig. 4) were more similar to
those for digoxin than those for furosemide, in that JBA > > JAB and
in two of the three cell cultures, there was no apparent maximum in JBA
with increasing time.

relevant comparisons which means were signiﬁcantly diﬀerent from
one another, using a two-tail probability of P < 0.05 as the criterion
for signiﬁcance. Curve ﬁtting for analysis of transport data (cf.
Figs. 2–4) was performed by linear regression using KaleidoGraph v.
4.5.3 for Macintosh (Synergy Software; Reading, PA, USA).

3. Results
3.1. Transport validation experiments

3.2. Cidofovir-induced cytotoxicity

The general pattern of furosemide (50 μM) transport for the ﬁrst two
cell cultures is that JBA > JAB and that the ﬂux rates tended to reach
maximum rates at 10–20 min, with some modest decrease thereafter
(Fig. 2A, B, D, E). For the third cell culture, in which cells were incubated with 5 μM furosemide, ﬂux rates generally followed the same
pattern as at the higher concentration, although only for the ﬁrst 10 min
(Fig. 2C, F). Some variation in rates of transport were observed amongst
the three cell cultures, possibly related to the well-known polymorphisms in OAT1 and OAT3 (Lash et al., 2006).
Unlike furosemide, the major ﬂux of digoxin is eﬄux across the
brush-border or apical plasma membrane into the tubular lumen, although the pattern was still that JBA > > JAB (Fig. 3). In each of the
three cell preparations, very little ﬂux of digoxin was observed from the
luminal side into the cells and ﬂux from the basolateral side through the
cell and into the upper compartment, which is analogous to what occurs

Little diﬀerence in concentration dependence of LDH release was
noted when cidofovir was added to either the luminal (upper) or basal
(lower) compartment (Fig. 5A). Maximal LDH release of 50% to 60%
was observed with the highest cidofovir concentration used (i.e.,
300 μM). Simultaneous incubation of cells with 500 μM probenecid was
subsequently conducted to investigate the putative role of OAT transporters in cidofovir-induced cytotoxicity (Fig. 5B). hPT cells were incubated for 4 h with either 50 μM or 300 μM cidofovir in the absence or
presence of 500 μM probenecid. As would be expected, protection by
probenecid was more evident when cells were exposed to cidofovir
from the basal (lower) side.
Assessment of cidofovir-induced acute cytotoxicity by GGT release
showed a similar concentration dependence as for LDH, except that
cytotoxicity was slightly greater when cidofovir was added to the luminal (upper) compartment (Fig. 6A). Maximal GGT release when
15
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Fig. 4. Time courses of metformin transepithelial ﬂuxes in hPT cell preparations.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated for various times up to 30 min with 50 μM metformin
(panels A and B) or for various times up to 20 min with 5 μM metformin (panel C) added to either the upper or lower compartment. Metformin contents in each
supernatant and in total cell extracts were measured by LC–MS to calculate the apical-to-basolateral ﬂux (JAB) and the basolateral-to-apical ﬂux (JBA). Results are the
average of duplicate measurements for each kidney cell preparation. Panels A–C: Full time courses (1–30 min) with points connected by interpolation. Panels D–F:
Time courses during linear phase of transport (1–10 min) with points connected by linear regression. Regression equations with R2 values are shown above each plot.

Fig. 5. Cidofovir-induced cytotoxicity in hPT cells: LDH release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment for
4 h with either 0, 10, 50, 150 or 300 μM cidofovir (A) or 0, 50, or 300 μM cidofovir ± 500 μM probenecid (B). LDH activities in both extracellular ﬂuid compartments
and in total cell extracts were determined to calculate the percent release. Results are means ± SEM of measurements from 3 cell preparations, each performed in
triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample without probenecid.
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Fig. 6. Cidofovir-induced cytotoxicity in hPT cells: GGT release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment
for 4 h with either 0, 10, 50, 150 or 300 μM cidofovir (A) or 0, 50, or 300 μM cidofovir ± 500 μM probenecid (B). GGT activities in both extracellular ﬂuid
compartments and in total cell extracts were determined to calculate the percent release. Results are means ± SEM of measurements from 3 cell preparations, each
performed in triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample
without probenecid.

cidofovir was added to the luminal compartment was ∼75% whereas it
was ∼50% when cidofovir was added to the basal compartment. While
this diﬀerence indirectly provides evidence supporting the role of
transporters in determining hPT cytotoxicity, direct evidence was provided by LDH release and co-incubating cells with probenecid (Fig. 6B).
Clear protection by probenecid was observed at both high and low cidofovir concentrations and when cells were exposed from both the luminal or basal side, although protection was not complete, suggesting
some transport was mediated by non-probenecid-sensitive carriers.
Assessment of cidofovir-induced cytotoxicity by measurement of
NAG release (Fig. 7A) illustrated concentration dependence, with
slightly more NAG release when cidofovir was added to the luminal
(upper) compartment. Maximal NAG release was ∼90 nmol/min and
∼60 nmol/min when cidofovir was added to the upper and lower
compartments, respectively. Addition of probenecid provided a small
degree of protection at 50 μM cidofovir only from the upper compartment, whereas it signiﬁcantly protected from both sides with 300 μM
cidofovir, with somewhat more protection when exposure was from the
upper compartment.
hPT cells incubated for 4 h with cidofovir added to either the basal
or luminal side exhibited a similar concentration-dependent increase in
KIM-1 release (Fig. 8A). KIM-1 levels increased approximately 2.5-fold
from baseline (i.e., no cidofovir added) to the maximal concentration of
cidofovir (i.e., 300 μM). Protection, which was nearly complete, was
clearly observed with co-incubation from either the upper or lower
compartment of cells (Fig. 8B).

added to either the lower or upper compartment (Fig. 9A). Co-incubation with 500 μM probenecid produced substantial, although not
complete, protection from either the lower or upper compartment
(Fig. 9B).
Using release of the brush-border membrane enzyme GGT as a
biomarker of hPT cell injury, tenofovir produced concentration-dependent increases, with that when cells were incubated from the upper
(luminal) compartment being more than 3-fold greater than that when
cells were incubated from the lower (basolateral) compartment
(Fig. 10A). Signiﬁcant protection by probenecid was only observed in
incubations from the upper compartment (Fig. 10B). As with LDH release, protection by probenecid using GGT release was substantial, but
not complete.
The patterns of NAG release due to tenofovir were similar to those
for LDH release in that no diﬀerences were observed between incubations from the upper or lower compartments (Fig. 11A). In both cases,
NAG release increased from about 15 nmol/min to about 80 nmol/min
in cells incubated with the highest concentration of tenofovir (i.e.,
360 μM). At the lower concentration of tenofovir at which probenecid
protection was assessed (i.e., 90 μM), probenecid signiﬁcantly prevented NAG release only when added to the upper compartment. At the
higher concentration of tenofovir at which protection was assessed (i.e.,
360 μM), probenecid modestly diminished NAG release from both the
upper and lower compartments (Fig. 11B).
The concentration-dependent increase in KIM-1 release in cells incubated with tenofovir was similar to that with cidofovir and did not
diﬀer between cells incubated from the upper or lower compartments
(Fig. 12A). Again, the extent of KIM-1 released increased about 3-fold
from the control to the highest concentration of tenofovir. Co-incubation with probenecid produced a small, but statistically signiﬁcant
amount of protection at the lower concentration of tenofovir and a
somewhat greater degree of protection at the higher concentration of
tenofovir (Fig. 12B).

3.3. Tenofovir-induced cytotoxicity
Concentration-dependent increases in LDH release, from ∼10% to
∼60% at 360 μM tenofovir (administered in the form of TDF and referred to hereafter as tenofovir for simplicity), were observed in hPT
cells, with no signiﬁcant diﬀerences observed whether tenofovir was
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Fig. 7. Cidofovir-induced cytotoxicity in hPT cells: NAG release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment
for 4 h with either 0, 10, 50, 150 or 300 μM cidofovir (A) or 0, 50, or 300 μM cidofovir ± 500 μM probenecid (B). NAG activities in both extracellular ﬂuid
compartments were determined to give the total amount of release. Results are means ± SEM of measurements from 3 cell preparations, each performed in
triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample without probenecid.

Fig. 8. Cidofovir-induced cytotoxicity in hPT cells: KIM-1 release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment
for 4 h with either 0, 10, 50, 150 or 300 μM cidofovir (A) or 0, 50, or 300 μM cidofovir ± 500 μM probenecid (B). KIM-1 contents in both extracellular ﬂuid
compartments were determined to give the total amount of release. Results are means ± SEM of measurements from 3 cell preparations, each performed in
triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample without probenecid.

upper or lower compartments caused similar extents of concentrationdependent LDH release, reaching maximal levels of ∼50–55% with
360 μM cisplatin (Fig. 13A). Co-incubation with cimetidine modestly
diminished cisplatin-induced LDH release (Fig. 13B).
In contrast with LDH release, cisplatin produced large,

3.4. Cisplatin-induced cytotoxicity
Cisplatin (20, 90, 180, or 360 μM) is a well-characterized nephrotoxicant and was tested for cytotoxicity as a positive control to
which the ARVs could be compared. Addition of cisplatin to either the
18
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Fig. 9. Tenofovir-induced cytotoxicity in hPT cells: LDH release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment
for 4 h with either 0, 20, 90, 180 or 360 μM tenofovir disoproxil fumarate (TDF) (A) or 0, 90, or 360 μM TDF ± 500 μM probenecid (B). LDH activities in both
extracellular ﬂuid compartments and in total cell extracts were determined to calculate the percent release. Results are means ± SEM of measurements from 3 cell
preparations, each performed in triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample without probenecid.

Fig. 10. Tenofovir-induced cytotoxicity in hPT cells: GGT release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment
for 4 h with either 0, 20, 90, 180 or 360 μM tenofovir disoproxil fumarate (TDF) (A) or 0, 90, or 360 μM TDF ± 500 μM probenecid (B). GGT activities in both
extracellular ﬂuid compartments and in total cell extracts were determined to calculate the percent release. Results are means ± SEM of measurements from 3 cell
preparations, each performed in triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample without probenecid.

the upper compartment released almost 5-fold more GGT than cells
incubated from the lower compartment. Addition of cimetidine with
cisplatin to either the upper or lower compartment signiﬁcantly protected cells (Fig. 14B).

concentration-dependent increases in GGT release (Fig. 14A). GGT release increased from < 5% to > 75% when cells were incubated with
cisplatin from either the upper or lower compartments. The only signiﬁcant diﬀerence was at 90 μM cisplatin, where cells incubated from
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Fig. 11. Tenofovir-induced cytotoxicity in hPT cells: NAG release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment
for 4 h with either 0, 20, 90, 180 or 360 μM tenofovir disoproxil fumarate (TDF) (A) or 0, 90, or 360 μM TDF ± 500 μM probenecid (B). NAG activities in both
extracellular ﬂuid compartments were determined to give the total amount of release. Results are means ± SEM of measurements from 3 cell preparations, each
performed in triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample
without probenecid.

Fig. 12. Tenofovir-induced cytotoxicity in hPT cells: KIM-1 release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment
for 4 h with either 0, 20, 90, 180 or 360 μM tenofovir disoproxil fumarate (TDF) (A) or 0, 90, or 360 μM TDF ± 500 μM probenecid (B). KIM-1 contents in both
extracellular ﬂuid compartments were determined to give the total amount of release. Results are means ± SEM of measurements from 3 cell preparations, each
performed in triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample
without probenecid.

180 μM cisplatin, where the amount of NAG release was greater when
cisplatin was added to the upper compartment. Addition of cimetidine
with cisplatin to either compartment modestly protected cells
(Fig. 15B).

Cisplatin increased NAG release from about 15 nmol/min in control
cells to more than 120 nmol/min in cells incubated with 360 μM cisplatin (Fig. 15A). Amounts of NAG release were similar whether cisplatin was added to either the upper or lower compartment, except at
20
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Fig. 13. Cisplatin-induced cytotoxicity in hPT cells: LDH release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment
for 4 h with either 0, 20, 90, 180 or 360 μM cisplatin (A) or 0, 90, or 360 μM cisplatin ± 500 μM cimetidine (B). LDH activities in both extracellular ﬂuid compartments and in total cell extracts were determined to calculate the percent release. Results are means ± SEM of measurements from 3 cell preparations, each
performed in triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample
without probenecid.

Fig. 14. Cisplatin-induced cytotoxicity in hPT cells: GGT release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment
for 4 h with either 0, 20, 90, 180 or 360 μM cisplatin (A) or 0, 90, or 360 μM cisplatin ± 500 μM cimetidine (B). GGT activities in both extracellular ﬂuid compartments and in total cell extracts were determined to calculate the percent release. Results are means ± SEM of measurements from 3 cell preparations, each
performed in triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample
without probenecid.

4. Discussion

Cisplatin increased KIM-1 release to a maximum of about 3-fold at
the highest concentration when it was added to either compartment
(Fig. 16A). Addition of cimetidine with cisplatin to either compartment
modestly protected cells (Fig. 16B).

Primary cultures of hPT cells were used as an in vitro model to study
the acute cytotoxicity of two ARV drugs (cidofovir and tenofovir)
commonly used in the treatment of hepatitis B, HIV, and other viral
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Fig. 15. Cisplatin-induced cytotoxicity in hPT cells: NAG release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment
for 4 h with either 0, 20, 90, 180 or 360 μM cisplatin (A) or 0, 90, or 360 μM cisplatin ± 500 μM cimetidine (B). NAG activities in both extracellular ﬂuid
compartments were determined to give the total amount of release. Results are means ± SEM of measurements from 3 cell preparations, each performed in
triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample without probenecid.

organ for so many drugs is its high metabolic activity, extensive ﬁltration of the plasma, and its large array of plasma membrane transporters. This inadvertent nephrotoxicity after a drug has been on the
market for a while sometimes occurs despite the absence of any

infections. Renal toxicity is a frequent side eﬀect of many drugs and is
one of the top ten safety reasons why the U.S. Food and Drug
Administration has withdrawn drugs from the market in recent years
(Zhang et al., 2012). Part of what make the kidneys a susceptible target

Fig. 16. Cisplatin-induced cytotoxicity in hPT cells: KIM-1 release.
hPT cells were grown to conﬂuence in 6-well plates containing Transwell ﬁlter inserts. Cells were incubated by additions to either the upper or lower compartment
for 4 h with either 0, 20, 90, 180 or 360 μM cisplatin (A) or 0, 90, or 360 μM cisplatin ± 500 μM cimetidine (B). KIM-1 contents in both extracellular ﬂuid
compartments were determined to give the total amount of release. Results are means ± SEM of measurements from 3 cell preparations, each performed in
triplicate. aSigniﬁcantly diﬀerent (P < 0.05) from the corresponding control. bSigniﬁcantly diﬀerent (P < 0.05) from the corresponding sample without probenecid.
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(cf. Figs. 9 B or 13B, respectively) or GGT release (cf. Figs. 10B or 14B,
respectively) when cells were co-incubated with probenecid in the case
of tenofovir or cimetidine (OCT2 inhibitor) in the case of cisplatin.
Release of both NAG and KIM-1, which are more recently adopted
biomarkers for renal proximal tubular cell injury and are presumed to
be more sensitive than many other biomarkers, were also measured.
Despite the expectation of greater sensitivity, particularly for KIM-1,
release of LDH and especially release of GGT appeared to generally be
the more sensitive indicators of hPT cytotoxicity. With cidofovir, for
example, KIM-1 release increased only approximately 2.5-fold from
baseline to the highest concentration of cidofovir (cf. Fig. 8A), whereas
NAG release increased about 5-fold (cf. Fig. 7A), GGT release increased
nearly 30-fold (cf. Fig. 6A) and LDH release increased about 6-fold (cf.
Fig. 5A). GGT release was similarly the most sensitive indicator when
either tenofovir or cisplatin was the toxicant.
Although the primary plasma membrane carriers for uptake of the
ARVs and cisplatin are on the basolateral plasma membrane, incubations with drug added to the upper compartment (luminal side) and the
resulting cytotoxicity, indicate that these drugs are also transported
into hPT cells by carriers on the brush-border plasma membrane.
Potential luminal membrane carriers, such as OAT4 (SLC22A9) or one
of the organic anion-transporting polypeptides (OATPs) such as
OATP1A2 (SLCO1A2), may be involved in uptake of cidofovir, tenofovir, and cisplatin into the hPT cells as many of these carriers exhibit
rather broad substrate speciﬁcity that includes both organic anions and
cations. Identiﬁcation of these brush-border membrane carriers may
identify additional targets for modulation of ARV-induced proximal
tubular cytotoxicity, but is beyond the scope of the current study.
The importance of using an in vitro model that properly reﬂects in
vivo function in the human proximal tubule to characterize the mechanism of and develop protective agents against ARV-induced cytotoxicity (particularly that of tenofovir) is highlighted by several recent
studies in which nephrotoxicity was studied as a limiting factor in the
clinical use of tenofovir (Foisy et al., 2013; Mouton et al., 2016; Uteng
et al., 2017) despite its original discovery in the late-1990s. The present
studies demonstrate the clear association of plasma membrane transporters with ARV-induced cytotoxicity.

evidence for nephrotoxicity in preclinical studies using experimental
animals. Many of these preclinical studies involve the use of in vitro
models, such as primary cell cultures or immortalized cell lines. Use of
primary cultures of hPT cells as a ﬁrst-line screening model has several
advantages over cell cultures from other animal models (e.g., rats) or
immortalized cell lines (Lash, 2012). These include derivation of the
cells from humans, removing the need for interspecies extrapolations,
and the maintenance of expression and function of enzymes, transporters, and other biochemical processes from the in vivo target cell. We
recently demonstrated these advantages in two studies of polymyxins
and related antibiotics (Gallardo-Godoy et al., 2016; Huang et al.,
2015).
Multiple plasma membrane carriers have been suggested to be important in ARV-induced nephrotoxicity (Cihlar et al., 2001, 2009; Ho
et al., 2000; Lacy et al., 1998; Nieskens et al., 2016). Despite these
studies, some of which are almost 20 years old, some uncertainty exists
about the requirement for speciﬁc carriers and their potential as therapeutic targets. To address these gaps in knowledge, the present study
used a validated in vitro model derived from human kidney to test the
hypothesis that two commonly used ARVs, cidofovir and tenofovir,
exhibit acute cytotoxicity in hPT cells and that this cytotoxicity can be
substantially prevented by co-administration of inhibitors that are selective for the plasma membrane carriers that mediate their uptake into
the hPT cell. Previous work with these primary cell cultures (Lash et al.,
2006) demonstrated both the protein expression and function of several
plasma membrane carriers and their maintenance throughout the
course of culture to conﬂuence. Hence, although we provided validation of selected relevant transporter function in the current study (cf.
Figs. 2–4), previous work validated the function and protein expression
of several of these carriers, including OAT1/3, OCT1/2, P-gp, multidrug
resistance-associated proteins 2 and 5 (MRP2/5; ABCC2/5), and others.
Maintenance of both expression and function of transporters during the
cell culture process is particularly critical for the OATs as they undergo
rapid internalization and recycling under normal culture conditions,
which renders them non-functional (Pelis and Wright, 2014).
The validation of function of the key plasma membrane transporters
for these ARVs, OAT1/3, P-gp, and OCT2, was accomplished by
growing cells on semi-permeable supports such that both the basolateral and brush-border (or luminal) membranes were accessible.
Addition of substrate to either the upper (luminal) or lower (basolateral) compartment enabled measurement of trans-epithelial ﬂuxes.
Consistent with OAT1/3 and OCT2 being localized on the basolateral
plasma membrane and P-gp being localized on the brush-border plasma
membrane, JBA values for all three substrates were generally markedly
greater than the respective JAB values (cf. Figs. 2–4). This is consistent
with the localization and function of the abovementioned carriers because OAT1/3 and OCT2 mediate substrate uptake into the cell from
the interstitial space whereas P-gp mediates substrate eﬄux from the
cell into the luminal ﬂuid (cf. Fig. 1). In some of the transport experiments, particularly for digoxin, some degree of leakiness of the membranes is suggested by time-course patterns of JBA and JAB values.
In assessing the impact of transporter inhibition on ARV-induced
cytotoxicity, cidofovir or tenofovir and transport inhibitor were added
together from either the upper (luminal) or lower (basolateral) compartment. Probenecid (inhibitor of OAT1/3) clearly protected the hPT
cells from cidofovir-induced cytotoxicity, using LDH release as a biomarker for cell injury (cf. Fig. 5B); as expected based on the localization
and function of the transporters, protection was clearly more evident
when cells were exposed from the basolateral (lower) side. When GGT
release was used as a biomarker for cellular injury, cytotoxicity from
cidofovir was slightly greater with luminal exposure, which can be
rationalized by the fact that GGT is a luminal enzyme so that its release
would primarily reﬂect damage to the brush-border membrane. In
contrast, LDH is a cytoplasmic enzyme whose release can occur due to
damage to either membrane. Similar patterns of protection from either
tenofovir- or cisplatin-induced cytotoxicity, using either LDH release
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