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The mechanism by which tenofovir (TDF) causes renal damage is not clear. To examine the role
of oxidative stress in TDF induced renal damage. Rats were administered by gavage 600mg /kg
body weight Tenofovir disoproxil fumarate for 35 days. The kidneys were used for light
microscopy and lectron microscopy as well as for the assay of markers of oxidative stress and
activities of antioxidant enzymes and myeloperoxidase activity, a marker of neutrophil
infiltration. TDF administration to the rats resulted in glomerular and tubular damage. Electron
microscopically, mitochondrial swelling, disruption of cristae and accumulation of amorphous
deposits in the matrix were observed. Significant increase in protein carbonyl content, decrease
in reduced glutathione and protein thiol, decrease in the activities of the antioxidant enzymes
such as superoxide dismutase, glutathione peroxidase, glutathione S transferase and glutathione
reductase and a massive increase in myeloperoxidase activity was observed in the kidneys of
TDF treated rats. Oxidative stress contributes to TDF induced renal damage in rats. The source of
reactive oxygen species may be the damaged mitochondria and or activated neutrophils.
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INTRODUCTION

The widespread introduction of highly active
antiretroviral therapy (HAART) in the mid-1990s
dramatically altered the course of human

immunodeficiency  virus  (HIV) infection,  with
improvements in survival and reductions in the
incidence of AIDS-defining illnesses. (Hull et al., 2011;
Krambovitis et al., 2005). Although, antiretroviral
therapy has been shown to reduce the incidence of
both AIDS-defining and non-AIDS conditions, long-term
exposure to HAART may also be associated with
significant toxicity. Tenofovir and related nucleotide
analogs have primarily been associated with proximal
tubular dysfunction and acute kidney injury (Prie et al.,
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2004; Perazella et al., 2004). Glomerular abnormalities

have been observed less frequently (Quinn, 2010).
Kidney damage related to antiretroviral therapy is
typically reversible with early recognition and timely
discontinuation of the offending agent, and
nephrologists should be familiar with the potential
toxicity of these agents to avoid delays in diagnosis.
The mechanism by which tenofovir causes renal
damage is not well characterized. Recent studies have
implicated that mitochondrial damage may play an
important role in TDF induced renal tubular damage in
both humans and animal models (Babiak et al., 1998;
Biesecker et al., 2003; Birkus et al 2002; Breton et al
2004; Buss et al., 2000).

Although mitochondrial damage has been suggested
to be the cause of TDF induced renal tubular
dysfunction, the mechanism by which mitochondrial
damage results in renal tubular dysfunction is not



known to the best of our knowledge. It is well known
that the mitochondria are the primary intracellular
source of reactive oxygen species (ROS), as they
generate huge numbers of oxidative-reduction reactions
and use massive amounts of oxygen (Circu et al., 2010;
Cuzzocrea et al., 1997; Dalakas et al., 1990; Dalle-
Donne et al., 2006). ROS that is released by the
damaged mitochondria are superoxide anion, hydrogen
peroxide, and hydroxyl radical. Significant increase in
ROS results in oxidative stress. High levels of ROS
exert its toxic effect on biomolecules such as DNA,
proteins, and lipids, thus leading to the accumulation of
oxidative damaged products within the cell leading to
the deregulation of redox-sensitive metabolic and
signaling pathways, and to cell death. To overcome
ROS the ROS generation, cells are equipped with
antioxidant defense systems that minimize the
susceptibility to ROS. These defense mechanisms
include antioxidant glutathione (Mari et al., 2009; Circu,
2010) and antioxidant enzymes such as superoxide
dismutases, catalase, glutathione  peroxidase,
glutathione reductase and glutathione S transferase
(Gingor et al., 2007; Haaften et al., 2001; Habeeb,
1972). The decrease in the antioxidant system in the
cell can increase susceptibility of the cells to the toxicity
of ROS resulting in oxidative stress. Thus, oxidative
stress can result from overproduction of ROS and/
decrease in the antioxidant system in the cell.

In general, besides their direct damaging effects on
the tissues, reactive oxygen species trigger the
accumulation of leukocytes in the tissues involved, and
thus aggravate tissue injury indirectly through activated
neutrophils. The activated neutrophils secrete
myeloperoxidase (MPO) and other proteases
(Zimmerman et al., 1992). In turn, MPO plays important
role in oxidant production by neutrophils. MPO activity
is considered to be marker for neutrophil infiltration
(Queiroz-Junior et al., 2009).

We hypothesize that ROS generated by the damaged
mitochondria and activated neutrophils may play an
important role in TDF induced renal damage. Therefore
in the present study we investigated whether oxidative
stress plays a role in TDF induced renal damage by the
assay of parameters of oxidative stress such as
malondialdehyde, protein carbonyl content, reduced
glutathione and alteration in cellular antioxidant defense
mechanism using a rat model.

We suggest that elucidation of the mechanism of
renotoxicity of tenofovir will help minimise its renal side
effects and improve the therapeutic efficacy of the drug.

MATERIALS AND METHODS
Animals and treatments

Adult male Wistar rats (200-250 g) were used for the
experiments. The dose, route and duration of
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administration of TDF was based on that described by
Biesecke et al (2003) with modifications.

Experimental design

The rats were divided into 2 groups and were treated as
follow.

Group | (control)

The rats in this group (n = 6) received sterile water.

Group Il

The rats (n = 8) in this group received 600 mg/ kg body
weight Tenofovir disoproxil fumarate by gavage for 35
days.

All the rats were sacrificed 24 hours after the final
dose of TDF / sterile water, after withdrawal of blood
under light haloethane anesthesia. The kidneys were
removed and used for histological and biochemical
studies.

Histology
Light microscopy

For light microscopic studies tissue was fixed in 10%
buffered formaldehyde and paraffin embedded. Four-
micron serial sections were cut and stained with
haematoxylin and eosin.

Scanning electron microscopy of kidney

The kidney tissues were fixed in 3% glutaraldehyde and
washed in buffer, post fixed by 1% osmium tetraoxide
and washed in buffer, and, dehydrated in increasing
concentrations of alcohol. The tissues were washed
with propylene oxide and embedded in epoxy-resin
embedding medium. Semi-thin sections approximately
1 micron thicknesses were cut with a glass knife on
Leica ultra-cut (UCT) ultramicrotome. Sections were
stained with toluidine blue. Ultrathin (below 100 nm)
sections were collected on copper grids, stained with
uranyl acetate and Reynold’s solution (sodium citrate
and lead nitrate), and examined with transmission
electron microscope (Philips 201C by Netherland) and
photographed. Mitochondria were examined in the
tubules. Parameters included the 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-mintochondrial
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paracrystals (Dalakas et al., 1990).

(A) Immunohistochemical localization of

nitrotyrosine in kidney

Nitrotyrosine was detected immunohistochemically as
described by Cuzzocrea et al (1997). The kidney tissue
was fixed in 10% formalin, 4 thick sections obtained
from paraffinin-embedded tissues.

After  deparafinization, the  sections  were
permeabilized with 0.1% Triton X-100 in Tris buffered
saline for 15 min. The primary monoclonal anti-
nitrotyrosine antibody, designated 39B6, raised against
3-(4-hydroxy-3-nitrophenylacetamido) propionic acid—
bovine serum albumin conjugate was obtained from
Santa Cruz and the Super Sensitive Polymer/HRP/DAB
kit was obtained from BioGenex were used.
Endogenous hydrogen peroxidase was quenched by
3% hydrogen peroxidase. After the buffer wash, the
universal protein blocking agent was applied over the
sections. Then the primary antibody was applied over
the sections and incubated overnight. The bound
primary antibody was detected by the addition of
secondary antibody conjugated with horseradish
peroxidise polymer and DAB substrate. After that the
slides were counterstained with Harris hematoxylin and
mounted.

(B) Immunohistochemical localization of PARP in
the kidney by Kupper JH et al. (1996)

The kidneys were fixed in 10% formalin and 4 micron
thick sections were obtained from paraffin-embedded
tissues. After deparaffinization, the sections were
permeabilized with 0.1% Triton X-100 in Tris buffered
saline for 15 min. The primary polyclonal anti-PARP
[poly (ADPribose) polymerase] antibody obtained from
Sigma and the Super Sensitive Polymer/HRP/DAB kit
obtained from BioGenex were used. Endogenous
hydrogen peroxidase was quenched by 3% hydrogen
peroxidase. After the buffer wash, the universal protein
blocking agent was applied over the sections. The
sections were then incubated overnight with 1:500
dilution of primary antibody. The bound primary
antibody was detected by the addition of secondary
antibody conjugated with horseradish peroxidase
polymerase polymer and DAB substrate. After that the
slides were counterstained with Harris hematoxylin and
mounted.

Biochemical studies

Biochemical studies were carried out on 10% (w/v) of
kidney homogenates prepared in ice-cold 1.5% KCL.

Myeloperoxidase (Wallace et al, Diaz-

Granados et al, 2000)

1989,

Myeloperoxidase activity was measured with O-
dianisidine-H,O, assay. The rate of decomposition of
H.O, by myeloperoxidase was determined by
measuring the rate of colour development at 460nm. To
10ul of sample, 11l of HoO,, 17ul of O- dianisidine and
962ul of phosphate buffer were added and the color
read at 460nm at an interval of 30 seconds for 4
minutes and the rate of change/minute was determined.
Extinction coefficient of 1.13 X 10* cm-' was used for
the calculation. One unit is the amount of enzyme
decomposing 1umole of peroxide per minute.

Malondialdehyde

Malonaldehyde content was measured as describe by
Ohkawa et al (1979). The mixture consisted of 0.8 ml of
sample (1mg), 0.2ml of 8.1 % SDS, 1.5 ml of 20 %
glacial acetic acid adjusted to pH 3.5, and 1.5 ml of 0.8
% aqueous solution of TBA. The mixture was made up
to 4ml with distilled water and heated at 950C for 60
min using a glass ball as condenser. After cooling with
tap water, 1ml distilled water and 5ml n-butanol and
pyridine mixture (15:1) were added and the solution
was shaken vigorously. After centrifugation at 2000g for
10 minutes the absorbance of the organic layer was
measured at 532nm. Amount of thiobarbituric reacting
substances formed is calculated from standard curve
prepared using 1, 1’, 3, 3’ tetramethoxy propane and
the values expressed as nmoles per mg protein.

Protein carbonyl content

Protein carbonyl content was measured using DNPH as
described by Sohal et al (1993).To 0.5 ml of sample (1-
2mg), an equal volume of 10 mM DNPH in 2 N HCI was
added and incubated for 1 hr shaking intermittently at
room temperature. Corresponding blank was carried out
by adding only 2N HCL to the sample. After incubation,
the mixture was precipitated with 10 % TCA (final
concentration) and centrifuged. The precipitate was



washed twice with ethanol: ethylacetate (1:1) and finally
dissolved in 1 ml of 6 M guanidine HCI, centrifuged at
low speed and the supernatant was read at 366nm. The
difference in absorbance between the DNPH treated
and HCI treated sample is determined and expressed
as nmoles of carbonyl groups per mg of protein, using
extinction coefficient of 22 mM'cm™.

Assay of anti-oxidant enzyme activities
Superoxide dismutase

Superoxide dismutase was measured as described by
Ohkuma et al (1982). The assay mixture consisted of
100ul of phosphate buffer, 10ul of BSC, 50ul of Triton
X-100, 5ul of EDTA, 5ul of xanthine oxidase, 50ul of
xanthine is added. To this finally 150 pl MTT and
sample (50-150 pg protein) were added and, the
volume is made up to 1 ml with water. The mixture was
incubated for 5 minutes at room temperature (30°C) and
the reaction was terminated with the addition of 1ml of
stop buffer. This was read at 540nm. Amount of
superoxide formed is calculated using the molar
extinction coefficient of MTT formazan E540 of 17,000
M-'cm-" at pH 7.4 to 10.5. The percentage of inhibition
by the presence of SOD is calculated from the reduction
of the MTT colour formation as compared to the MTT
formazan formed in the absence of SOD, which is taken
as 100 %. One unit of SOD is defined as the amount of
protein required to inhibit MTT reduction by 50%.

Catalase

Catalase activity is estimated by measuring the change
absorption at 240 nm using H.O, as substrate (Aebi,
1984). To 1ml of 30 mM buffered H,O,, the enzyme
(sample) was added to start the reaction. The final
volume was made up to 2 ml with 0.05M phosphate
buffer pH 7.0. Change in OD was observed for 2 min at
240 nm. One unit is the activity that disproportionates
H,O, at the rate of 10° absorbance/sec.

Glutathione-S-transferase (GSTase)

The activity of GSTase is measured
spectrophotometrically using the substrate 1-chloro-2,4
dinitrobenzene (CDNB) (Awasthi et al., 1980). To 0.1 ml
of 1M potassium phosphate buffer pH 6.5, following
reagents were added: 0.1 ml of 10 mM GSH, 0.05 ml
20mM CDNB and water and made up the volume to 1
ml. The reaction was started by adding the enzyme and
change in OD at 340 nm is measured for 1-2 min. One
unit of enzyme is the amount required to conjugate 1
umole of substrate with glutathione in one minute.
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Glutathione reductase

In the presence of enzyme, hydrogen is transferred
from NADPH to GSSG and the reaction can be
measured at 340 nm (Racker, 1955). To the reaction
mixture containing 0.05 ml of 1 M phosphate buffer pH
7.6, 0.15 ml of 10 mM EDTA, 0.1 ml of 1imM NADPH,
and 0.1 ml 10 mM GSSG, the enzyme was added. The
volume was made up to 1 ml and the decrease in OD at
340nm was measured for 2-83 min. One unit is the
amount of enzyme needed to oxidise 1 pmole of
NADPH/min.

Glutathione peroxidase

Total peroxidase is determined by following the
oxidation of NADPH at 340 nm using hydrogen
peroxide (Nakamura and Hosada, 1974). To 0.25 ml of
0.4 M phosphate buffer, 0.2 ml of 4 mM EDTA, 0.2 ml of
10 mM GSH, 0.2 ml of NaN3, 0.2 ml of 1.6 mM NADPH,
0.08 ml glutathione reductase (one unit) and the
enzyme (sample) was added. Total volume was made
up to 2 ml with water. Reaction was started by adding
0.2 ml of H202 and change in OD at 340 nm was
followed. Extinction coefficient of 6.1 mm™ was used for
the calculation. One unit is the amount needed to
oxidize 1 nmole of NADPH/min.

Nonprotein thiol (glutathione) (Sedlak and Lindsay,
1968)

Nonprotein thiol was determined by the method
described by Sedlak and Lindsay (1986). Briefly,
proteins were removed by the addition of 21ul 50%
trichloroacetic acid (TCA) to 200ul of sample. Then,
samples were centrifuged at 12000 rpm for 10minutes.
Then, 50ul obtained TCA extract and 100ul 6mmol/l
dithionitrobenzene (DTNB) (Ellman’s reagent) were
added successively to 850ul 0.2mmol/l phosphate
buffer, pH 8.2, and after 1 hour the absorbance was
measured at 412nm. The results were read from a
standard curve prepared from 1mmol/l solution of
reduced glutathione.

Protein thiol groups

Thiol groups were measured as described by Habeeb
(1972). To 1 ml of the sample suspension (1 mg protein
/ml), 1 ml of 10 % TCA containing 1 mM EDTA was
added. The protein precipitate was separated by high
speed centrifugation for 10 min. For total thiol
estimation the sample was taken directly without
precipitation. To this, 1 ml of solution | and 0.5 % SDS
were added followed by 2 ml of solution Il and 30 pl of
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Figure 1. (A) Renal cortex of a control rat shows normal architecture
[Hematoxylin and Eosin X 200] (B) Renal medulla of a control rat. Shows
normal architecture [Hematoxylin and Eosin X 200] (C) Renal cortex of a TDF
treated rat shows destruction of the glomeruli and some glomeruli were
shrunken (black arrow). The convoluted tubules were distorted and their lining
epithelium was destroyed (white arrow). Hematoxylin and Eosin X 200. (D)
Renal medulla of a TDF treated rat— There was destruction of the lining
epithelium of the loops of Henle and the convoluted tubules (black arrow)

Hematoxylin and Eosin, X 200)

DTNB. The tubes were mixed well and kept in the dark
for 15 min at room temperature. The intense yellow
colour of the nitromercapto benzoate anion formed from
the DTNB reaction with the thiol was read at 412 nm
which has a molar absorption of 13,600 m-'cm-'.

The protein content of the homogenate/ supernatant
was determined as described by Lowry et al (1951).

Statistical analysis

The results are expressed as mean + SD. Data were
analysed with Mannwhitney ‘U’ test. Student’s ‘t’ test
with Bonferroni correction was used to compare
individual means in the case of a significant F.

RESULTS
Histological Analysis of Kidney Tissues

Kidneys were histologically assessed to determine
whether treatment with TDF vyielded microscopic
changes in renal tubules or glomeruli. TDF induced
renal damage involved the cortex and the medulla. In
the cortex, there was destruction of the glomeruli and
some glomeruli were shrunken. The convoluted tubules
were distorted and their lining epithelium was
destroyed. In the medulla there was destruction of the
lining epithelium of the loops of Henle and the collecting
duct. Figure 1

EM Features of Mitochondria in Tubular Epithelium

To investigate the organelle-specific effect of tenofovir
on renal proximal tubules, ultra structural changes in
renal tubular epithelial mitochondria were defined
parametrically.Renal tubular epithelia of TDF-treated
rats showed damage to the mitochondria. The
mitochondria were swollen, cristae were disrupted, and
amorphous deposits were observed in the matrix.
Besides, increase in number of mitochondria was
observed in the cytoplasm of basal part of tubule cell.
Figure 2

Immunohistochemistry

Immunohistochemical staining of Nitrotyrosine and
PARP shows a positively stained glomerulus and
tubules of 35 days treated with TDF compared to
Control group. (Figure 3A and 3B)

Biochemical Paramaters

The biochemical parameters are shown in below graph.
A 2 fold increase in protein carbonyl content was
observed in the kidneys of TDF treated rats as
compared with the control. Malondialdehyde, an
indicator of lipid peroxidation was increased in the
kidneys of TDF treated rats as compared with the
control, but the increase was not statistically significant.
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Figure 2. (A). Normal Kidney tubules (original magnification x 22000) (B) Normal
mitochondrial structure in the renal tubules of control rats (original magnification x
22000) (C) Arrow indicates fusion of foot processes (original magnification x 22000)
(D) Vacuoles seen in the cytoplasm of the kidney tubule (black arrow) Less number of
lysosomes (black arrowhead) (original magnification x 22000) (E) Nucleus shrunken.
Chromatin deposits are less in the nucleus of the endothelial cell (arrowhead) (original
magnification x 22000) (F) Disruption of mitochondrial cristae (black arrow),
mitochondrial swelling (black arrow) in the renal tubules of TDF treated rats (original
magnification x22 000) (G) Fusion of foot processes (arrow) (original magnification x
22000)

(H) Increased number of mitochondria [M] in tubule cytoplasm (original magnification x
22000) (I) Mitochondria swollen (arrow). Cristae destroyed. Amorphous deposits in
matrix of mitochondria (arrowhead) (original magnification x 22000) (J) Increased
chromatin deposits in mesangial cell nucleus (original magnification x 22000) (K)
Increased mitochondria in basal part of tubule cell (arrow) (original magnification x
22000) (L) Podocytes destroyed (arrow) (original magnification x 22000) (M) Nucleus

of mesangial cell [N] distorted (original magnification x 22000)

(N) Swollen

mitochondria [M] (original magnification x 22000).

Reduced glutathione, an important intracellular
antioxidant was decreased by 61 % and protein thiol by
33 % in the kidneys of TDF treated rats as compared
with the control.

A nine fold increase in myeloperoxidase activity, a
marker of neutrophil infiltration was observed in the
kidneys of TDF treated rats.

The activities of all the antioxidant enzymes estimated
were significantly decreased in the kidneys of TDF
treated rats as compared with the control. The activity
of superoxide dismutase (SOD) was decreased by
61%, glutathione S transferase by 47 %, and
glutathione reductase by 43% as compared with
control. A 4 fold decrease in the activity of glutathione
peroxidase was observed in the TDF treated rats. The
activity of catalase in the kidneys of TDF treated rats
was not significantly altered as compared with the
control. Increase in nitrate level with a pvalue <0.008

was observed in the kidneys of TDF treated rats for
35 days.

No significant alteration in plasma urea and creatinine
were observed in the TDF treated rats as compared with
control.

DISCUSSION

Mild tubular dysfunction is recognized in a substantial
proportion of TFV-treated individuals and tends to
increase with cumulative exposure, (Karras et al., 2003)
In a recent study, Rodriguez-Névoa et al (2010)
examined the relationship between TFV exposure and
kidney tubular dysfunction (KTD) prospectively in 92
HIV-infected individuals. Median TFV plasma trough
concentration was higher in patients with KTD than in
the rest. These authors have suggested that the dose-
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Figure 3A. Nitrotyrosine staining in the kidneys of control
rat is minimal. In TDF treated the cortex, both PCT and
DCT stained for NT. Glomerulus (G) showed mild staining
for NT. In the medulla, loop of henle and collecting tubules

(CoT) stained strongly for NT. (X40)
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Figure 3B. Immunohistochemical appearance of the kidney-
control (G) Glomerulus shows negligible staining for PARP. In
TDF treated the cortex, the glomerulus and convoluted
tubules stained for PARP. In the medulla, the collecting
tubules and Henls loop (HL) were positive to PARP stain.

(X20)

dependent effect of tenofovir supports an involvement
of TFV in KTD. Horberg et al (2010) performed a
retrospective cohort analysis in Kaiser Permanente
foryears 2002 to 2005 comparing renal function among
antiretroviral naive patients initiating a tenofovir-
containing regimen (964 patients) or tenofovir-sparing

regimens (683 patients). They evaluated glomerular
filtration rate (GFR), serum creatinine, and the
development of renal proximal tubular dysfunction in
these patients. Tenofovir-exposed patients had greater
development of proximal tubular dysfunction over time,
reduced GFR and had greater risk of medication disco-



ntinuation, especially as renal function worsened.
Accordingly, in the present study, long term high dose
TDF administration resulted in damage to the tubules
and glomerulus. However, we observed no alterations
in plasma creatinine levels and urea levels, the
indicators of glomerular function.

Although several recent studies have revealed the
nephrotoxicity of tenofovir, the mechanism of
nephrotoxicity of TDF is not clear. Studies have
suggested that mitochondrial damage may play an
important role in TDF induced renal damage (Saumoy
et al., 2004; Vidal et al., 2006; Birkus et al., 2002;
Kohler et al., 2009; Lebrecht et al., 2009) accordingly.

In the present study electron microscopic examination
of the kidneys of TDF treated rats revealed damage to
the mitochondria of the proximal tubules. The
mitochondria were swollen, cristae were disrupted, and
amorphous deposits were observed in the matrix. Our
findings are similar to those reported earlier
.Mitochondrial swelling is considered to be a
characteristic feature of deteriorated function of this
organelle. Mitochondria are the energy source of the
cell, with two membranes, one of which limits the
organelle and the other of which is inside the organelle
and is thrown into folds that project inward in a tubular
nature called cristae. The components in the electron
transport chain, which play the central role in ATP
synthesis, are found in the cristae. Thus damage to the
cristae can result in the disruption of electron transport
chain and hence decrease ATP production by the
mitochondria. Although long term TDF administration
has been shown to cause mitochondrial damage, the
precise mechanism by TDF induced mitochondrial
damage results in renal damage is not known.

It is well known that damaged mitochondria are the
main sources of reactive oxygen species. To overcome
ROS induced damage to the lipids and proteins, cells
are equipped with antioxidant defense systems that
minimize the susceptibility to ROS. These defense
mechanisms include antioxidants such as reduced
lutathione and protein thiol, and antioxidant enzymes
such as superoxide dismutase, catalase, glutathione
peroxidase, glutathione reductase and glutathione S
transferase. In the present study we observed increase
in protein carbonyl content, a sensitive indicator of
oxidative damage to proteins, decrease in the level of
the major intracellular antioxidant glutathione and
decrease in the activities of glutathione related
enzymes namely glutathione peroxidase, glutathione
reductase and glutathione S transferase. Besides, the
activity of SOD, an important antioxidant enzyme was
decreased in the kidneys of TDF treated rats as
compared with control.

Protein carbonyl content (Pco) is reported to be a
sensitive and early marker of oxidative stress to tissues
as compared with lipid peroxidation (Levine et al.,
1990). The present study shows for the first time an
increase in Pco content in the kidneys following
treatment with TDF. It is well documented that protein
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oxidation marks the protein for degradation (Rivette et
al., 1985). Proteins (enzymes) regulate various
metabolic pathways and damage to proteins may result
in the alteration of normal metabolic pathway resulting
in cell death and tissue damage.

In general, besides their direct damaging effects on
the tissues, reactive oxygen species trigger the
accumulation of leukocytes in the tissues involved, and
thus aggravates tissue injury indirectly through
activated neutrophils. The activated neutrophils secrete
myeloperoxidase (MPO) and other proteases
(Zimmerman et al., 1992). In turn, MPO plays important
role in oxidant production by neutrophils. In the present
study a marked elevation (9 fold) in MPO activity was
observed after TDF treatment of rats, indicating that
neutrophil accumulation contributes to TDF induced
small renal damage. The generation of oxidants by
neutrophils is critical to host defenses against microbial
pathogens (Gingor et al., 2007; Klebanoff et al., 1978).
Oxidant production begins with a cytoplasmic
membrane associated NADPH oxidase, which reduces
molecular oxygen to superoxide. Dismutation of
superoxide then yields hydrogen peroxide (H>O,), but
both superoxide and H,O, are relatively nontoxic to
bacteria. However, activated neutrophils also secrete
the heme protein MPO (Karras et al., 2003). MPO plays
a fundamental role in oxidant production by neutrophils
and has been used as an effective quantitative index of
inflammation due to correlation between MPO activities
and histological analysis of neutrophil infiltration
(Sekizuka et al., 1988). A unique activity of MPO is
itsability to use chloride as a co-substrate with hydrogen
peroxide to generate chlorinating oxidants such as
hypochlorous acid, a potent antimicrobial agent.
However, evidence has emerged that MPO-derived
oxidants contribute to tissue damage and the initiation
and propagation of acute and chronic vascular
inflammatory disease. The MPO-hydrogen peroxide-
chloride system leads to a variety of chlorinated protein
and lipid adducts that in turn may cause dysfunction of
cells in different compartments ofthe kidney.
Hypochlorous acid reacts readily with amino acids,
proteins, carbohydrates, lipids, nucleobases and
antioxidants (Pattison et al., 2006). Proteins are the
major molecular target for hypochlorous acid. Of
primary importance among the hypochlorous acid-
mediated protein modifications are tyrosine chlorination,
formation of chloramines and carbonyls (Winterbourn et
al., 2000), and in some cases cross-linking, (Pattison et
al., 2001). Protein carbonyl is a biomarker of oxidative
hypochlorous acid attacks on proteins, and in the
inflamed lung, for instance, a high correlation between
protein carbonyl concentration and MPO activity was
observed, Buss et al (2000) Thus, carbonyl groups
represent an irreversible protein modification, often
leading to the inactivation of the proteins, (Den et al.,
2002; Haaften et al., 2001; Dalle-Donne et al., 2006). It
is noteworthy to mention that in the present study, a
significant increase in MPO activity (9 fold) and protein
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Figure 4. MPO activity in the kidney of control
and experimental rats treated with TDF for 35
days. Data represent means + SD, 5-7
animals in each group. * p < 0.05 compared
with controls.
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Figure 5. Protein carbonyl content in the kidney
of control and experimental rats treated with
TDF for 35 days. Data represent means = SD,
5-7animals in each group,”p< 0.05 compared
with controls.
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Figure 6. Malodialdehyde levels in the kidney of
control and experimental rats treated with TDF
for 35 days. Data represent means + SD, 5-7
animals in each group.

30 - .
=
-—25 4
8%
EElS ]
o
510 |
o g
3
— 5 4
0
CONTROL TOF

Figure 7. Protein thiol levels in the kidney of
control and experimental rats treated with TDF
for 35 days. Data represent means + SD, 5-7
animals in each group. * p < 0.05 compared
with controls
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Figure 8. Reduced glutathione levels in the
kidney of control and experimental rats treated
with TDF for 35 days. Data represent means *
SD, 5-7 animals in each group. * p < 0.05
compared with controls.
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Figure 9. Superoxide dismutase activity in the
kidney of control and experimental rats treated
with TDF for 35 days. Data represent means *
SD, 5-7 animals in each group. ™ p < 0.005
compared with controls.
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Figure 10. Glutathione Peroxidase activity in the
kidney of control and experimental rats treated
with TDF for 35 days. Data represent means *
SD, 5-7 animals in each group. ™ p < 0.005
compared with controls.
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Figure 11. Glutathione Reductase activity in
the kidney of control and experimental rats
treated with TDF for 35 days. Data represent
means = SD, 5-7 animals in each group. ** p <
0.005 compared with controls.

45 -
40
35 -
30 -
25 -
15
10 -

5

0

CONTROL

GST
(U/mg protein)
L
=

Figure 12. Glutathione S-transferase activity
in the kidney of control and experimental rats
treated with TDF for 35 days. Data represent
means + SD, 5-7 animals in each group. ** p
< 0.005 compared with controls.
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Figure 13. Catalase activity in the kidney of
control and experimental rats treated with
TDF for 35 days. Data represent means + SD,
5-7 animals in each group.
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Figure 14. Nitrate levels in the kidney of
control and experimental rats treated with
TDF for 35 days. Data represent means *
SD, 5-7 animals in each group. * p < 0.05
compared with controls.
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Figure 15. Creatinine levels in the kidney
of control and experimental rats treated
with TDF for 35 days. Data represent
means * SD, 5-7 animals in each group.
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Figure 16. Urea levels in the kidney of control
and experimental rats treated with TDF for 35
days. Data represent means + SD, 5-7
animals in each group.
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carbonyl content (2 fold) was observed in the kidneys of
TDF-treated rats. This finding suggests that activated
neutrophils contribute to increased ROS generation and
oxidative stress observed in TDF treated rat kidneys.

In the present study, significant decrease in the levels
of reduced glutathione in the kidneys was observed
following treatment with TDF. It is well established that
depletion of reduced glutathione in tissues promotes
oxidative stress and tissue injury (Sies et al., 1999). The
decrease in the activities of the free radical detoxifying
enzymes, GPO and GSTase in the kidneys of TDF
treated rats observed in the present study may be dueto
lack of availability of sufficient amounts of reduced
glutathione as a coenzyme for these enzymes.

The activity of glutathione reductase, the enzyme
crucial for the regeneration of reduced glutathione from
oxidized glutathione was significantly less in the kidneys
of TDF treated as compared with that of control. The
reduced activity of this enzyme may account for the
decreased availability of reduced glutathione for
scavenging reactive oxygen species, thereby rendering
the cells to increased oxidative stress and tissue injury.
Thus significant decrease in reduced glutathione levels
promoted by TDF, leads to a reduction of effectiveness
of the antioxidant enzyme defense system, thereby
sensitizing the cells to reactive oxygen species, (Babiak
et al., 1998).

With respect to the activities of other antioxidant
enzymes, superoxide dismutase and catalase, a
significant decrease in the activity was observed with
respect to SOD only. SOD provides the first line of
defense against superoxide generated in mitochondria.
SOD competes with nitric oxide for reaction with
superoxide and prevents generation of peroxynitrite, a
potent oxidant that can modify proteins to form 3-
nitrotyrosine (Johnson et al., 2005). Thus, sufficient
amounts of catalytically competent SOD are required to
prevent tissue damage. Inactivation of SOD could lead
to self-amplification of oxidative stress in the tissues
progressively enhancing peroxynitrite production and
secondary damage.

In the present study, long term administration of TDF to
rats resulted in tubular damage and glomerular
damage. This was accompanied by increased oxidative
stress and depletion of reduced glutathione and
reduced activities of glutathione dependent and other
antioxidant enzymes in the kidney. Besides, there was
marked increase in the activity of myeloperoxidase, a
marker of neutrophil infiltration. Based on these
observations it is concluded that oxidative stress,
glutathione depletion, decrease in the activities of
(Krambovitis et al., 2005) antioxidant enzymes and
neutrophil infiltration contribute to TDF induced renal
damage in rats. TDF induced oxidative stress in the
kidneys may be due to the overproduction of ROS as
well as the depletion of cellular antioxidant system.
(Krambovitis et al., 2005). The sources of ROS may be
damaged mitochondria and activated neutrophils. At
present we are investigating whether pretreatment with
melatonin prevents TDF induced oxidative stress and
renal damage.

REFERENCES

Aebi IH (1984) Catalase in vitro. Methods Enzymol 105, 121-6.

Albina ML, Alonso V, Linares V, Bellés M, Sirvent JJ, Domingo JL,
Sanchez DJ (2010). Effects of exposure to BDE-99 on oxidative
status of liver and kidney in adult rats. Toxicology. 271:51-6.

Awasthi YC, Dao DD, Saneto RP (1980) Interrelationship between
anionic and cationic forms of glutathione S-transferases of human
liver. Biochem J 191, 1-10.

Babiak RMV, Campello AP, Carnieri EGS, Oliveira MBM (1998).
Methotrexate, pentose cycle and oxidative stress. Cell Biochem
Funct. 283:93.

Biesecker G, Karimi S, Desjardins J, Meyer D, Abbott B, Bendele R,
Richardson F (2003). Evaluation of mitochondrial DNA content and
enzyme levels in tenofovir DF-treated rats, rhesus monkeys and
woodchucks. Antiviral Res. 58:217-25.

Birkus G, Hitchcock MJ, Cihlar T (2002). Assessment of mitochondrial
toxicity in human cells treated with tenofovir: comparison with other
nucleoside reverse transcriptase inhibitors. Antimicrob Agents
Chemother. 46:716-23.

Breton G, Alexandre M, Duval X, Prie D, et al. (2004). Tubulopathy
consecutive to tenofovir-containing antiretroviral therapy in two

patients infected with human immunodeficiency virus-1.Scand J Infect
Dis. 36:527-8.

Buss IH, Darlow BA, Winterbourn CC (2000). Elevated protein
carbonyls and lipid peroxidation products correlating with
myeloperoxidase in tracheal aspirates from premature infants.
Pediatr Res. 47: 640—-645.

Circu ML, Aw TY (2010). Reactive oxygen species, cellular redox
systems, and apoptosis. Free Radic Biol Med. 48:749-62.

Cuzzocrea S, Zingarelli B, O'Connor M et al (1997) Role of
peroxynitrite and activation of poly (ADP-ribose) synthase in the
vascular failure induced by zymosan-activated plasma. Br J
Pharmacol.

Dalakas MC, llla I, Pezeshkpour GH (1990). Mitochondrial myopathy
caused by long-term zidovudine therapy. N Engl J Med. 322:1098—
1105.

Dalle-Donne |, Aldini G, Carini M, ColomboR, Rossi R, Milzani A
(2006). Protein carbonylation, cellular dysfunction, and disease
progression. J Cell Mol Med. 10:389-406.

Den Hartog GJ, Vegt E, van der VijghW J,Haenen GR, Bast A (2002).
Hypochlorous acid is apotent inhibitor of
acetylcholinesterase.Toxicol Appl Pharmacol. 18:228-232.

Diaz-Granados N, Howe K, Lu J, McKay DM (2000) Dextran sulfate
sodium-induced colonic histopathology, but not altered epithelial

ion transport, is reduced by inhibition of phosphodiesterase activity.



Am J Pathol 156:2169-77.

Giingdr N, Godschalk RWL, Pachen DM,Van Schooten FJ, Knaapen
AM (2007). Activated neutrophils inhibit nucleotide excision repair
in human pulmonary epithelial cells: role of myeloperoxidase.
FASEB J. 21:2359-2367.

Haaften Rl, den Hartog GJ, Evelo CT, Haenen GR, Bast A (2001).
Hypochlorous acid is a potent inhibitor of GST P1-1. Chem Biol
Interact. 138: 77-83.

Habeeb A (1972) Reaction of protein sulfhydryl groups with Ellman's
reagent. Methods Enzymol 25:457.

Horberg M, Tang B, Towner W, Silverberg M, Bersoff-Matcha S,
Hurley L, Chang J, Blank J, Quesenberry C Jr, Klein D. J (2010).
Impact of tenofovir on renal function in HIV-infected, antiretroviral-
naive patients. Acquir Immune Defic Syndr. 53:62-9.

Hull MW, Montaner J. (2011) Antiretroviral therapy: a key component
of a comprehensive HIV prevention strategy.HIV/AIDS Rep. Jun.
8(2):85-93. Review

Johnson F, Giulivi C (2005). Superoxide dismutases and their impact
upon human health. Mol Aspects Med. 26: 340-352.

Karras A, Lafaurie M, Furco A, Bourgarit A, Droz D, Sereni D,
Legendre C, Martinez F, Molina JM (2003). Tenofovir-related
nephrotoxicity in human immunodeficiency virus-infected patients:
three cases of renal failure, Fanconi syndrome, and nephrogenic
diabetes insipidus. Clin Infect Dis. 36:1070-3.

Klebanoff SJ, Clark RA (1978). The Neutrophil. Amsterdam, North-
Holland Publishing Co.,

Kohler JJ, Hosseini SH, Hoying-Brandt A, Green E, Johnson DM,
Russ R, Tran D, Raper CM, Santoianni R, Lewis W (2009)
Tenofovir renal toxicity targets mitochondria of renal proximal
tubules. Lab Invest. 89:513-9.

Kowaltowski AJ, de Souza-Pinto NC, Castilho RF, Vercesi AE (2009).
Mitochondria and reactive oxygen species. Free Radic Biol Med.
47:333-43.

Krambovitis E, Porichis F, Spandidos DA (2005). HIV entry inhibitors:
a new generation of antiretroviral drugsActa Pharmacol Sin. Oct.
26(10):1165-73. Review

Kupper JH, van Gool L, Muller M et al (1996) Detection of poly (ADP-
ribose) polymerase  and its reaction product by
immunohistochemistry. Histochem J 28:391-395.

Lebrecht D, Venhoff AC, Kirschner J, Wiech T, Venhoff N, Walker UA
(2009). Mitochondrial tubulopathy in tenofovir disoproxil fumarate-
treated rats. J Acquir Immune Defic Syndr. 51 :258-63.

Levine R, Garland D, Oliver CN (1990). Determination ofcarbonyl
content of oxidatively modified proteins. Methods Enzymol. 186:
464-78

Linares V, Alonso V, Albina ML, Bellés M, Sirvent JJ, Domingo JL,
Sanchez DJ (2009). Lipid peroxidation and antioxidant status in
kidney and liver of rats treated with sulfasalazine Toxicology.
256:152-6.

Lowry OH, Rosenbrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the Folin phenol reagent. J BiolChem 193, 265-
75.

Mahieu S, Contini Mdel C, Gonzélez M, Millen N (2009). Melatonin
reduces oxidative damage induced by aluminium in rat kidney.
Toxicol Lett. 190:9-15.

Mari M, Morales A, Colell A, Garcia-Ruiz C, Ferndndez-Checa JC
(2009). Mitochondrial glutathione, a key survival antioxidant.
Antioxid Redox Signal. 11:2685-700.

Nakamura W, Hosada S (1974) Purification and properties of rat liver
glutathione peroxidase. Biochim Biophys Acta 358, 251-61.

Ohkawa H, Ohishi N, Yagi K (1979) Assay for lipid peroxides in
animal tissues by thiobarbituric acid reaction. Anal Biochem 95,
351-8.

Ramamoorthy et al. 270

Ohkuma N, Matsuo S, Tutsui M, Ohkawara A (1982) [Superoxide
dismutase in the epidermis (author's transl)]. Nippon Hifuka Gakkai
Zasshi 92, 583-90.

Orrenius S, Gogvadze V, Zhivotovsky B (2007). Mitochondrial
oxidative stress: implications for cell death. Annu Rev Pharmacol
Toxicol. 47:143-83.

Ott M, Gogvadze V, Orrenius S, Zhivotovsky B (2007). Mitochondria,
oxidative stress and cell death. Apoptosis. 12:913-22.

Pattison DI, Davies MJ (2001). Absolute rate constants for the
reaction of hypochlorous acid with protein side chains and peptide
bonds. Chem Res Toxicol. 14: 1453—-1464.

Pattison DI, Davies MJ (2006). Reactions of myeloperoxidase-derived
oxidants with biological substrates: gaining chemical insight into
human inflammatory diseases. Curr Med Chem. 13: 3271-3290.

Queiroz-Junior CM, Pacheco CM, Fonseca AH, Klein A, Caliari MV,
de Francischi JN (2009). Myeloperoxidase content is a marker of
systemic inflammation in a chronic condition: the example given by
the periodontal disease in rats. Mediators Inflamm. 2009:760837

Quinn KJ (2010). Incidence of proximal renal tubular dysfunction in
patients on tenofovir disoproxil fumarate. Int J STD AIDS. 21:150-1.

Racker E (1955) Glutathione reductase from bakers' yeast and beef
liver. J Biol Chem 217, 855-65.

Ritkin BS, Perazella MA (2004). Tenofovir-associated nephrotoxicity:
Fanconi syndrome and renal failure. Am J Med. 15: 282-4

Rivette AJ (1985). The effect of mixed function oxidation ofenzymes
on their susceptibility to degradation by anonlysosomal cysteine
proteinase. Arch Biochem Biophys. 243: 624-3

Rodriguez-N6voa S, Labarga P, D'avolio A, Barreiro P, Albalate M,
Vispo E, Solera C, Siccardi M, Bonora S, Di Perri G, Soriano V
(2010). Impairment in kidney tubular function in patients receiving
tenofovir is associated with higher tenofovir plasma concentrations.
AIDS. 24:1064-6.

Saumoy M, Vidal F, Peraire J, et al. (2004). Proximal tubular kidney
damage and tenofovir: a role for mitochondrial toxicity? AIDS. 18:
1741-48.

Sedlak J, Lindsay RH (1968) Estimation of total, protein-bound, and
nonprotein sulfhydryl groups in tissue with Ellman's reagent. Anal
Biochem 25, 192-205.

Sekizuka E, Grisham MB, Li M (1988). Inflammation induced intestinal
hyperemia in the ratrrole of neutrophils. Gastroenterology. 95:
1528-1534

Sies H (1999). Glutathione and its cellular functions. Free Radic Biol
Med. 27: 916-21.

Sohal RS, Agarwal S, Dubey A, Orr WC (1993) Protein oxidative
damage is associated with life expectancy of houseflies. Proc Natl
Acad Sci USA 90, 7255-9.

Starkov AA (2008). The role of mitochondria in reactive oxygen
species metabolism and signaling. Ann N Y Acad Sci. 1147:37-52.
Vidal F, Domingo JC, Guallar J, Saumoy M, Cordobilla B, Sanchez de
la Rosa R, Giralt M, Alvarez ML, Lépez-Dupla M, Torres F,
Villarroya F, Cihlar T, Domingo P (2006). In vitro cytotoxicity and
mitochondrial toxicity of tenofovir alone and in combination with
other antiretrovirals in human renal proximal tubule cells.

Antimicrob Agents Chemother. 50: 3824-32.

Wallace JL, Macnaughton W K, Morris GP, Beck PL (1989) Inhibition
of leukotriene synthesis markedly accelerates healing in a rat
model of inflammatory bowel disease. Gastroenterology 96, 29-36.

Winterbourn CC, Kettle AJ (2000). Biomarkers of myeloperoxidase-
derived hypochlorous acid. Free Radic Biol Med. 29: 403-409.

Zimmerman BJ, Granger N (1992). Reperfusion injury. Surg Clin
North Am. 32: 65-83.



