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Tenofovir disoproxil fumarate (TDF) is an oral prodrug and acyclic nucleotide analog of adenosine monophosphate that
inhibits HIV-1 (HIV) reverse transcriptase. A growing subset of TDF-treated HIVþ individuals presented with acute renal
failure, suggesting tenofovir-associated kidney-specific toxicity. Our previous studies using an HIV transgenic mouse
model (TG) demonstrated specific changes in renal proximal tubular mitochondrial DNA (mtDNA) abundance. Nucleo-
sides are regulated in biological systems via transport and metabolism in cellular compartments. In this study, the role(s)
of organic anion transporter type 1 (OAT1) and multidrug-resistant protein type 4 (MRP4) in transport and regulation of
tenofovir in proximal tubules were assessed. Renal toxicity was assessed in kidney tissues from OAT1 knockout (KO) or
MRP4 KO compared with wild-type (WT, C57BL/6) mice following treatment with TDF (0.11mg/day), didanosine (ddI, a
related adenosine analog, 0.14mg/day) or vehicle (0.1M NaOH) daily gavage for 5 weeks. Laser-capture microdissection
(LCM) was used to isolate renal proximal tubules for molecular analyses. mtDNA abundance and ultrastructural pathology
were analyzed. mtDNA abundance in whole kidneys from both KO and WT was unchanged regardless of treatment. Renal
proximal tubular mtDNA abundance from OAT1 KO also remained unchanged, suggesting prevention of TDF toxicity due
to loss of tenofovir transport into proximal tubules. In contrast, renal proximal tubules from MRP4 KO exhibited increased
mtDNA abundance following TDF treatment compared with WT littermates, suggesting compensation. Renal proximal
tubules from TDF-treated WT and MRP4 KO exhibited increased numbers of irregular mitochondria with sparse,
fragmented cristae compared with OAT1 KO. Treatment with ddI had a compensatory effect on mtDNA abundance in
OAT1 KO but not in MRP4 KO. Both OAT1 and MRP4 have a direct role in transport and efflux of tenofovir, regulating
levels of tenofovir in proximal tubules. Disruption of OAT1 activity prevents tenofovir toxicity but loss of MRP4 can lead to
increased renal proximal tubular toxicity. These data help to explain mechanisms of human TDF renal toxicity.
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Tenofovir disoproxil fumarate (TDF) is an oral prodrug of
tenofovir (TFV), an acyclic nucleotide analog of adenosine
monophosphate, a reverse transcriptase inhibitor of human
immunodeficiency virus type 1 (HIV-1).1 Clinical studies
found TDF safe, with low incidence (1–3%) of renal
impairment characterized by elevated serum creatinine or
hypophosphatemia.2–4 Several subsequent reports5 un-
covered a subset of TDF-treated patients that presented with
acute kidney injury (AKI),6–10 in which kidney damage
reversed upon TDF discontinuation.11,12 These reports raised
questions about potential kidney-specific toxicity and TFV-
associated increased risk of tubulopathy, which seems similar
to reported toxicity with other related acyclic nucleoside

phophonate antivirals, such as cidofovir and adefovir.13 Drug
uptake and efflux of antiretrovirals in cells is regulated by
their transport and metabolism/elimination in compart-
ments.14 The transport of nucleoside analogs across the
gastrointestinal epithelial barrier is mediated by transporters .15

TFV transport from blood into proximal tubule epithelial
cells is most likely facilitated by human organic anion
transporter (OAT) types 1 and 3, with an efficiency similar to
that for other acyclic nucleotides.16,17 OAT types are part of a
superfamily that mediate transmembrane transport of a wide
range of amphipathic endogenous and exogenous organic
compounds .18,19 TFV efflux from the proximal tubule cells
and secretion into the tubular lumen is likely facilitated by
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multidrug-resistant protein type 4 (MRP4), which functions
as an efflux pump and is highly expressed in the apical
membranes of proximal tubules.20,21

An OAT1 hemizygous depleted murine model decreases
organic anion transport and limits concentrations of
endogenous organic anions in renal proximal tubules.22

Decreased transport of TFV in this OAT1-depleted model
could potentially alter its tissue-specific pharmacokinetics.

An Mrp4�/� KO murine model has decreased efflux ac-
tivity of organic anions across the apical membrane of renal
proximal tubules.23 In this case, decreased efflux of TFV
could increase TFV concentrations in proximal tubules and
increase the potential for toxicity. Studies here systematically
determined the role(s) of OAT1 and/or MRP4 in regulation
of TFV and proximal tubular mitochondrial toxicity. Iden-
tifying the mechanisms of TFV regulation is fundamental to
developing ways to circumvent-related toxicity and improv-
ing on drug-delivery approaches to treat for HIV-1/AIDS.

MATERIALS AND METHODS
Animals
Hemizygous OAT1 KO mice were generated from offspring
of the colony established by Sanjay Nigam22 on a C57/BL6
background. Mrp4 �/� mice were generated from offspring of
the colony established by John Schuetz and colleagues,23 also
on a C57/BL6 background. For this study, a ‘2 by 2’ factorial
protocol included KOs and wild-type (WT; C57/BL6 back-
ground) mice treated with vehicle or NRTI. KO mice were
routinely identified for each generation of offspring using dot
blot analysis and real-time PCR as reported previously.24

Treatment Protocols
Procedures complied with Emory IACUC and NIH guide-
lines. WT and KO littermates of both gender (male and
female) were age-matched (8–12 weeks) at the start of the
treatment regimen. Food and water were provided ad libitum.
Antiretroviral drugs were obtained from the manufacturers
through the Emory Center for AIDS Research Pharmacology
Core. Dosing was carried out by daily gavage at doses that
resemble human therapy on a mg/kg/d basis. Treatments
included tenofovir disoproxyl fumarate (TDF, 0.11 mg/day),
didanosine (ddI, 0.14 mg/day) or vehicle (0.1 M NaOH).
Morbidity and mortality from the procedure were negligible.
After 5 weeks of treatment, body weights were measured,
animals terminated and samples retrieved and stored for
DNA extraction and analysis.

mtDNA and Nuclear DNA (nDNA) Quantitation in Heart
Tissue using Real Time PCR
Methods used were modifications used by us in the past.24,25

Total DNA was extracted from kidney (B10 mg wet weight)
using a MagNA Pure System and reagents (Roche Life
Sciences, Indianapolis, IN). Alternatively, DNA was extracted
from proximal tubules isolated with laser-capture microscopy
(LCM, see procedure below).

DNA sequences for primers and probes used for quanti-
tation of mitochondrial and nuclear DNA were described
previously.25 Real-Time PCR was performed in duplicate for
each amplicon. Amplification was carried out using Light
Cycler LC 480 (Roche). PCR products of mtDNA and nuclear
DNA (nDNA) were quantified using the corresponding
external standard DNA curves.

Laser-captured Micro-Dissection
The inherent complexity of organs causes heterogeneity of
tissues (in the case of the kidney, glomeruli, proximal and
distal tubule epithelial cells, and arterioles, and others) can
affect the outcome and interpretation of molecular studies.
An ideal approach would allow us to identify and isolate
selected tissue elements in the kidney in a homogeneous way
and obviate mixing of cell types. LCM, a novel technique
developed at the National Cancer Institute allows for specific,
single-cell isolation from fixed heterogenous tissues. Briefly,
proximal renal tubular cells were isolated using the Arcturus
LCM 1110 system (Arcturus Biosciences, Mountain View,
CA) and a protocol previously established.26 DNA was
extracted from pooled renal tubular epithelial cells (B100
cells) isolated from each embedded sample using PicoPure
DNA Extraction Kit (MDS Analytical Technologies,
Sunnyvale, CA).

Fine Structure of Kidney Tissues (EM)
EM was evaluated using methods used regularly in the Lewis
lab.27 Sections (0.5 m) were cut with glass knives and stained
with Toluidine Blue for orientation. Ultrathin (900 Å) sec-
tions were cut with a diamond knife, stained with uranyl
acetate and lead citrate and examined by EM (Philips
Morgagni Model 201, Philips, Eindhoven, Amsterdam, NL)
and evaluated and photographed. Each EM photomicrograph
was reviewed independently by two investigators. Parameters
included presence of structurally abnormal mitochondria,
increased numbers of mitochondrial profiles per field, intra-
mitochondrial lamellar bodies, abnormal cristae density,
cristae reduplication, mitochondrial swelling, and intra-
mitochondrial paracrystals.28

Statistical Analysis
Data expressed as the ratio of mean values for mtDNA to the
mean values of nDNA (� 10�3). Resultant values expressed
as mean±standard error, normalized to untreated WT mean
(set at 1.0). A value of Po0.05 was considered statistically
significant. Echocardiographic determinations from all
groups were compared by 1-way ANOVA.29

RESULTS
General
All KO and WT cohorts maintained overall health with
normal body weights and levels of activity throughout the
study duration, regardless of treatment.
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mtDNA Abundance in whole-Kidney Tissues following
Treatment
To determine the role of OAT1 or MRP4 on TFV-associated
mitochondrial toxicity, mtDNA abundance was assessed using
DNA extracts from whole-kidney tissues of either OAT1 KO
or Mrp4�/� KO compared with WTs following 5 weeks of
treatment with TDF or vehicle. Analysis of whole-kidney
tissue extractions detected no change in mtDNA abundance
(expressed as ratio of mtDNA to nDNA) following TDF treat-
ment of WTs compared with their vehicle-treated littermates
(Figure 1a). In addition, whole-kidney tissue extracts from
OAT1 KO or Mrp4�/� KO treated with TDF similarly demon-
strated no detectable changes in mtDNA abundance compared
with WTs (Figure 1a, left and right graphs, respectively).

LCM-isolated Proximal Tubular mtDNA Abundance
In effort to increase the homogeneity of cells being sampled,
proximal tubules were micro-dissected from kidney sections
using LCM to determine the effect(s) of TFV on this histo-
logical compartment. Proximal tubules were microscopically

defined by their brush border with intense PAS-positive
staining from glycoproteins therein. TDF treatment of WTs
caused minimal change to mtDNA abundance of LCM-iso-
lated renal proximal tubules compared with tubules from
vehicle-treated WTs (P40.05) (Figure 1b). mtDNA abun-
dance in OAT1 KO-treated with TDF remained unchanged
from vehicle-treated OAT1 KO and WT controls (Figure 1b,
left graph).

In contrast, the mtDNA abundance of proximal tubules
from Mrp4�/� KO increased significantly following TDF
treatment, compared with vehicle-treated WTs (Po0.01)
(Figure 1b, right). Notably, TDF treatment in WTs, as well
as untreated Mrp4�/� KO also demonstrated a trend of
increased mtDNA abundance compared with vehicle-treated
WTs, although neither was statistically significant (P40.05).
Only the combined effect of both the Mrp4�/� KO and the
TDF treatment in proximal tubules increased mtDNA
abundance high enough to reach significance.

To further unravel the mechanism, a related antiretroviral
drug, ddI, was tested similarly in these animal models.

Figure 1 Changes in mtDNA abundance after tenofovir disoproxil fumarate (TDF) treatment of OAT1 knockout (KO) or Mrp4�/� KO. Mitochondrial DNA

(mtDNA) abundance (mtDNA/nuclear DNA (nDNA) was determined from whole-kidney extracts (a) or isolated renal proximal tubules using laser-capture

microdissection (LCM) (b). No changes in mtDNA abundance were detected in whole tissues. The isolation of tubules using the LCM improved sensitivity

and revealed changes that seem compensatory in samples from Mrp4�/� KO treated with TDF compared with untreated WT (Po0.01). TDF-treated Mrp4�/�

KO in proximal tubules also had a trend for increased mtDNA compared with untreated Mrp4�/� KO or TDF-treated WTs, but with no statistical significance

(P40.05). In contrast, TDF had no measurable impact on mtDNA abundance in OAT1 KO compared with untreated or WT controls (P40.05, not

significant, NS).
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mtDNA abundance from whole kidney exhibited no change
in either OAT1 or Mrp4�/� KO with ddI treatment
(1.12±0.25 and 1.05±0.2, respectively) or without
(0.98±0.18 and 1.0±0.14, respectively) compared with
vehicle-treated WTs (1.0 ± 0.16) (P40.05). LCM was
performed to select for renal proximal tubules and assess cell-
specific changes in mtDNA abundance with ddI. In contrast
to the observations with TDF, ddI treatment of OAT1 KO
resulted in a significant increase in mtDNA abundance in
proximal tubules (Po0.01) (Figure 2, left graph). Treatment
with ddI had no effect on mtDNA abundance in proximal
tubules from Mrp4�/� KO (P40.05) (Figure 2, right graph),
which was in stark contrast to results obtained with TDF
treatment (Figure 1b, right graph).

Em Features Of Mitochondria In Tubular Epithelium
To investigate organelle-specific structural changes in renal
proximal tubules that were caused by TFV or ddI treatment in
the mouse, ultrastructural evaluations of renal proximal
tubules were performed. Vehicle-treated WTs demonstrated
characteristic, oval mitochondria with densely packed cristae
(Figure 3, top left panel). TDF-treated WTs exhibited
mitochondria with irregular shape, and sparse, fragmented
cristae (Figure 3, top center panel). In contrast, EM profiles
from WTs treated with ddI seemed unchanged from vehicle-
treated littermates (Figure 3, top right panel).

Mitochondria from vehicle-treated OAT1 KO were oblong
(Figure 3, middle left panel), but resembled vehicle-treated
WTs with respect to the mitochondrial cristae. Treatment
with either TDF or ddI resulted in no significant changes in
the size and number of mitochondria (Figure 3, middle
center and right panels). Likewise, vehicle-treated Mrp4�/�

KO seemed similar to vehicle-treated WTs (Figure 3, bottom
left panel). TDF-treated Mrp4�/� KO, however, exhibited
increased number of mitochondria, with irregular mi-
tochondrial shape, and sparse, fragmented cristae (Figure 3,

bottom center panel). Treatment with ddI had no apparent
effect on mitochondria from Mrp4�/� KO (Figure 3, bottom
right panel).

DISCUSSION
TFV is a highly effective antiretroviral agent used to treat
HIV-1. Reports raised questions about potential renal toxicity
and tubulopathy.30 As renal excretion has a major role in TFV
elimination, it follows logically that kidney cells are routinely
exposed to high TFV concentrations. Mechanisms of TFV
cellular accumulation are unclear. Transporters belonging to
the SLC22 family of solute carriers (eg, OAT1) and members
of the ATP-binding cassette (ABC) transporter family (eg,
MRP4) are implicated in the renal secretion of toxins, me-
tabolites and drugs, including antivirals.31,32 OAT1 is located
on the basolateral membrane of the proximal renal tubule
and is therefore primarily responsible for renal uptake. For
example, OAT1 has been shown to be the major transporter
for adefovir.33 Therefore, OAT1 is likely to have a rate-
limiting role in regulating the distribution of other related
antiretrovirals, such as TDF or ddI, between blood and urine.
OAT-mediated tubular accumulation of some drugs,
including certain antiretrovirals, can result in nephrotoxicity.34

Previously, we found that TDF treatment results in renal
proximal tubular toxicity with disruption of mitochondrial
biogenesis (decreased mtDNA abundance) in an AIDS
murine model.26 In this study, TDF treatment (5 weeks) in
Mrp4�/� KO resulted in a statistically significant increase in
mtDNA abundance. Similarly, an increasing trend in mtDNA
abundance occurred in proximal tubules from TDF-treated
WTs and in vehicle-treated Mrp4�/� KOs alone, although not
statistically significant. An increase in mtDNA abundance
seems counterintuitive as decreased mtDNA is character-
istically reported in mitochondrial dysfunction. The observed
increase here may be an attempt by mitochondria to com-
pensate for sirupted mtDNA replication, as is suggested in

Figure 2 Changes in mitochondrial DNA (mtDNA) abundance after didanosine (ddI) treatment of OAT1 knockout (KO) or Mrp4�/� KO. mtDNA abundance

was determined from isolated renal proximal tubules using laser-capture microdissection (LCM). ddI treatment increased mtDNA abundance in renal

proximal tubules of OAT1 KO (Po0.01) compared with other three groups (untreated OAT1 KO, untreated WTs, and ddI treated WTs). ddI treatment had no

impact on WT or Mrp4�/� KO (P40.05, not significant, NS).

OAT1 and MRP4 transport of TFV

JJ Kohler et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 91 June 2011 855

http://www.laboratoryinvestigation.org


some mitochondrial genetic disorders. This observed increase
in mtDNA abundance has been reported previously.25,35,36

This compensational response, which is detected as an
apparent increase in mtDNA abundance may represent an
‘early’ marker for disruption of mtDNA biogenesis ultimately
progressing to complete mitochondrial toxicity with hall-
mark features including mtDNA depletion, mtDNA muta-
tions, and inhibition of the electron transfer chain function.

In these studies, OAT1 KO was used to pinpoint the con-
tribution of this transporter in TFV-related mitochondrial
toxicity. Absence of OAT1 in the KO model prevented mi-
tochondrial disruption following TDF treatment, suggesting
that OAT1 may be the major transporter for TDF. Follow-up
studies with a related antiretroviral, ddI, resulted in an
unanticipated outcome. OAT1 KO treated with ddI resulted
in a significant increase in renal proximal tubular mtDNA
abundance, suggesting a compensatory response. This type of
response was previously found associated with TFV-related
mitochondrial toxicity. Yet, ddI in WT or AIDS model had
no impact on renal proximal tubular mitochondrial
biogenesis.26

Other studies demonstrated that in the absence of a spe-
cific transporter, compensatory changes in functionally
related transporters occur.37 In this case, it may be possible
that the absence of OAT1 expression (rendered in the
OAT1 KO) resulted in an upregulation of an alternate
transporter with increased affinity for ddI. This could lead to
increased transport of ddI into the proximal tubules and
promote its concentration therein. In turn, this could disrupt
the intracellular nucleotide pool balance and lead to mi-
tochondrial dysfunction in cells. This concept is summarized
in Figure 4a.

Equally important in the regulation of antiretrovirals in
proximal tubules is the role of the ABC transporters in
facilitating efflux of these drugs to urine. MRP4 is a member
of this family of transporters that is located on the apical
membrane of proximal tubules. Studies have suggested that
TFV is a substrate for MRP4.38,39 Furthermore, it has been
reported that intracellular concentrations of TFV in
HIV-infected patients may be related to MRP4 genetic
determinants.40 In this study, Mrp4�/� KO were used to
systematically determine its role in TFV renal proximal

Figure 3 Mitochondrial ultrastructural changes in OAT1 knockout (KO), Mrp4�/� KO, and WT treated with tenofovir disoproxil fumarate (TDF),

didanosine (ddI), or vehicle. Control and Mrp4�/� KO treated with TDF showed increased mitochondria, irregular shape, and disrupted cristae

(top center panel and bottom center panel, respectively). Mitochondria from TDF-treated OAT1 KO appeared normal (middle center panel).

Changes after treatment with ddI in OAT1 KO, Mrp4�/� KO and WT were unremarkable (right panels). (Original magnification: � 22 300, marker

indicates 1 mm).
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tubular mitochondrial toxicity. Results suggested that Mrp4�/�

KO are more susceptible to TFV mitochondrial toxicity as
mtDNA abundance increased following TDF treatment com-
pared with WTs. The observed increase in mtDNA may be an
attempt by mitochondria to compensate for disrupted mtDNA
replication.35 These data support the hypothesis that MRP4 has a
critical role in the efflux of TFV from renal proximal tubules
(summarized in Figure 4b), and may underscore the importance
of efflux rather than influx in the mechanisms of toxicity of TDF.
Furthermore, MRP4 does not seem to have a critical role in efflux
of ddI as mtDNA abundance in Mrp4�/� KO treated with ddI
was unchanged from WTs.

Clinical outcomes with TFV are varied. Some individuals
treated with TFV develop mitochondrial damage and AKI,
whereas many individuals seem to tolerate TFV treatment
with little or no apparent short-term side effects. This clinical
dichotomy in outcomes may be genetically linked, in part, as
there is a higher incidence of reported toxic side effects in
African–American males with reports that this group have
higher risk for HIVAN and end-stage renal disease.41–43

These studies elucidate drug-specific regulatory roles of
OAT1 and MRP4 to renal proximal tubular mitochondrial
toxicity from nucleoside analogs used to treat HIV. Results
suggest that OAT1 regulates the transport of TDF from the
blood into the proximal tubules. Subsequently, MRP4 has a
critical role in the efflux of TFV out into the urine, preventing
the accumulation of TFV inside the proximal tubule. Ex-
pression of these kidney transporters may vary in individuals.
Genetic regulation and/or downregulation by TFV of genes
coding for transporter proteins involved in renal excretion
has yet to be fully identified and is crucial for understanding
the nephrotoxicity of antiretrovirals.
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