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ARTICLE INFO ABSTRACT

Keywords: Tenofovir, as nucleotide reverse transcriptase inhibitors (NRTIs), is used to prevent and cure HIV/AIDS. Ample

TeI}Ofof’ir evidence confirmed that the nephrotoxicity of tenofovir has been linked to mitochondrial dysfunction. It seems

I(\)Imianve stress that transplantation with healthy mitochondria instead of damaged mitochondria may be a beneficial approach
ephrotoxicity

to therapy. Therefore, it decided to investigate the impact of mitotherapy on tenofovir against renal proximal
tubular cells (RPTCs) toxicity by measurement of oxidative stress and cytotoxicity biomarkers and restoring of
mitochondrial function on isolated mitochondria. ECsg of tenofovir was achieved at 40 pM following 2 h incu-
bation in Earle’s solution (pH = 7.4; 37 °C). Freshly isolated mitochondria (80 pg/ml) were added to damage
RPTCs affected by tenofovir in treated groups. One Way ANOVA analysis showed that healthy mitochondrial
transplantation decreased oxidative stress biomarkers following tenofovir toxicity in RPTCs. Our data revealed
that mitotherapy makes cell survival possible in RPTCs affected by tenofovir. In addition, it supposed that a novel

Mitochondrial transplantation
Renal proximal tubular cells (RPTCs)

and ideal strategy for the treatment of chemicals-induced nephrotoxicity.

1. Introduction

Tenofovir, a nucleotide analog reverse transcriptase inhibitor, has
been approved by the FDA for the treatment of CHB as monotherapy
since 2008 and for the treatment of HIV infection since 2001 [1].
Tenofovir enters cells where it is phosphorylated by the cellular ade-
nylate kinase nucleotide kinase to the intermediate monophosphate
form, which is then quickly transformed into the active diphosphate
form by nucleoside diphosphate kinase [2]. Unfortunately, the clinical
evidence revealed that tenofovir caused renal impairment, including
Fanconi syndrome and acute renal failure. Also, monitoring of renal
function and creatinine clearance should be determined in all patients
before beginning tenofovir medication [3]. It seems that increased
tenofovir plasma levels may directly result in its greater accumulation in
the renal tubular cells, which more or less certainly causes nephrotoxi-
city specifically in renal proximal tubular such as cytoplasmic vacuoli-
zation and hydropic damage [4]. Therefore, by prevention of
mitochondrial DNA polymerase, tenofovir, and other acyclic nucleotides

reduce the amount of mtDNA, which is linked to mitochondrial
dysfunction and cell death signaling in the kidney. It is supposed that
mitochondrial energy-producing ability and mitochondrial membrane
can be impaired because of the deteriorative impacts of nephrotoxicant
agents [5]. Therefore, mitochondrial therapy (mitotherapy) transfers
functional exogenous mitochondria into cells with impaired mitochon-
dria for cell viability recovery and consequently, inhibition of the dis-
ease toxicity and progress [6].

In recent years, mitochondrial transplantation has gained popularity
as a new technique for treating mitochondrial illnesses by augmentation
and replacement of mitochondria. Freshly isolated mitochondria are
able to enter mammalian cells through incubation and protect them
against cytotoxic effects due to mitochondrial injury because of high
performance and efficiency in toxic conditions [7-12]. Another study
showed mitochondrial transference as a new treatment based on trans-
planting normal mitochondria to cells in cadmium-induced nephrotox-
icity following uptake and cellular functional integration of the
transplanted mitochondria appears to kidney cells [13].
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Due to limited research on mitochondrial transplantation, we
examined the protective possible role of mitotherapy against tenofovir-
induced nephrotoxicity via transferring functioning exogenous mito-
chondria into mitochondrion-deficient cells by measurements of oxida-
tive stress biomarkers.

2. Material and methods
2.1. Animals

Male Wistar rats (250-300 g) were provided by the Pasteur Institute,
Iran, and maintained in separate cages at controlled room temperature
(20-25 °C), humidity (70-80%), and exposure to daylight 12 h a day
(Standard laboratory condition). The Animal Ethics Committee of Sha-
hid Beheshti University of Medical Sciences conducted all experiments
(IR.SBMU.PHARMACY.REC.1400.171) in accordance with the National
Academy of Sciences and published by the National Institutes of Health
(NIH publication 86-23, revised 1985). The researchers tried to mini-
mize the suffering of the animals during the experiments.

2.2. Chemicals

All chemicals were provided in the highest commercial quality from
Merck Company (Darmstadt, Germany).

2.3. Preparation and isolation of RPTCs

Isolation of rat RPTCs was done by modified enzymatic procedures
adapted from Boom et al., 1992 [14,15]. Xylazine (10 mg/kg) and Ke-
tamine (40 mg/kg) were applied to anesthetize animals and following
kidney harvesting, cervical dislocation was applied to scarify the rats.
Ca®*-free Hank’s balanced salt solution (HBSS) plus 0.5 mM EGTA
perfused the kidneys. Then, the digestion of the specimens was done in a
HBSS solution with 4 mM CaCly, 0.05% collagenase type II, and 1%
streptomycin/penicillin. The cortical segments of the kidneys were
subjected to decapsulation and dissection to achieve proximal cell tu-
bules mechanically isolated by consecutive filtration at respectively 120
and 60 pm mesh, and sections with a thickness of 0.5-1 mm. Pellets were
obtained from the extracted and washed RPTCs. Then, the obtained cells
were subjected to re-suspension in Earl’s solution (pH = 7.4) at 1 x 10°
cells per milliliter, followed by placement in round-bottomed con-
tainers, circulating in a water bath (37 °C), and adding to 28 mM HEPES
with 10% O3, 5% COs2, and 85% Na. Cell viability was determined by
measuring the exclusion of trypan blue (0.2% w/v). RPTCs were
pre-incubated for 30 min prior to addition of tenofovir (5-80 pM). At
least 80-90% of control cells were still viable after this 2 h incubation
period.

2.4. Preparation of freshly isolated mitochondria from kidney

Using differential centrifugation procedures, mitochondria were
prepared from the animals’ kidneys [16,17]. Following removing of
kidneys and chopping with scissors, a cold isolation solution including
sucrose (75 mM), EDTA (0.2 mM) and D-mannitol (0.225 M) was used.
Kidneys were homogenized with a glass homogenizer and centrifuged at
1000 g for 10 min at 4 °C. Then, supernatant was treated with 250 pL of
BSA solution, which was then continuously filtered through 40 and 5 pm
meshes, respectively. The supernatant was centrifuged at 10,000 g for
10 min. A lower layer of centrifuge is mitochondrial fraction. To purity
of isolated mitochondria, heavy mitochondrial sediments was
re-suspended in the homogenization buffer including Tris—HCI (0.05 M),
MgCl, (2.0 mM) KCI (20 mM), sucrose (0.25 M), and NagHPO4 (1.0 mM)
at pH = 7.4 at 4 °C and centrifuged twice for 10 min at 10,000 g, again.
Finally, mitochondrial sediments were suspended in the desired solution
buffer before each assay.

The protein concentrations of the isolated mitochondria were done
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by bradford assay based on the Coomassie blue protein-binding method
using bovine serum albumin as the standard to keep the uniformity of
experimental conditions [18]. The normalization procedure for each
sample was done based on 80 pg mitochondrial protein per ml of sample.

2.5. Incubation of RPTCs with freshly isolated mitochondria

Rat RPTCs (10° cells/ml) were subjected to suspension in Earle’s
solution (pH = 7.4; 37 °C) for 2 h after adding of different concentration
of tenofovir (5-80 pM). Also, isolation of the mitochondria for trans-
plantation was done from the kidney at 4 °C. The optimum dose of
isolated mitochondria and optimal time of incubation were chosen
based on pilot and previous research [19,20]. Mitochondrial supple-
mented media (37 °C) was applied for the replacement of the media on
RPTCs and maintained on the cells for 1,2 and 3 h. Mitochondrial suc-
cinate dehydrogenase activity was measured by the reduction of MTT to
formazan crystals after dissolving in 100 pL DMSO and reading the
absorbance at 570 nm by an ELISA reader (Tecan, Rainbow Thermo,
Austria) to check mitochondrial functionality [21].

2.6. Cytotoxicity biomarker in RPTCs

2.6.1. Viability assay

Lactate dehydrogenase (LDH) as a stable enzyme is present in all cell
types which is rapidly released from cells into the medium upon damage
of the plasma membrane. It was measured by LDH kit from Millipore
Sigma (St. Louis, Missouri) by spectrophotometry at 340 nm and was
reported as pM substrate/min/1.

2.6.2. ROS measurement in the RPTCs

It was measured by spectrofluorometric assay with emission and
excitation wavelengths of 520 and 500 nm, respectively as described by
previous study [22]. DCFH DA (1.6 uM) as a reagent of ROS formation
was applied in the RPTCs following mitochondrial transplantation
(mitotherapy). The findings were expressed as fluorescence intensity
units per 10° cells.

2.6.3. Mitochondrial membrane potential assay in the RPTCs

The uptake of Rhodaminel23 (Rh123) was utilized as a reagent for
determining the mitochondrial membrane potential (MMP). Briefly,
following separating 0.5 ml of the RPTCs by centrifuge, the pellet was re-
suspended in 2 ml of Rh123 (1.5 pM) with medium and subjected to
incubation for 10 min at 37 °C. A spectrofluorometric method was used
with emission and excitation wavelengths of 520 and 490 nm, respec-
tively. The difference in Rh123 fluorescence between the treatment and
control groups was applied to determine the mitochondrial capacity in
absorbing Rh123 [22,23].

2.6.4. GSH and GSSG level in the RPTCs

Measurement of GSSG and GSH, o-phthalaldehyde (OPT) was
employed as a fluorescent reagent, which can react specifically with
GSSG at pH 12 and GSH at pH 8 respectively. The fluorescence intensity
was assessed by a spectrofluorimetric method at the emission and
excitation wavelength of respectively 420 and 350 nm [19,24].

2.6.5. ATP content in the RPTCs

Measurement of mitochondrial uptake process was evaluated
following pre-incubation of 10° cells per ml of tenofovir treated RPT
cells by 5-(N-Ethyl-N-isopr opyl) amiloride (EIPA) (100 pM), cytocha-
lasin D (10 pM) and methyl-p-cyclodextrin (1 mM) and pre-incubation
was done within distinct flasks for 30min. Addition of isolated mito-
chondria to each flask and consequent co-incubation was then carried
out at 37 °C using 5% CO2 for 4 h. Eventually, mitochondria adminis-
tration inhibitory impacts on ATP levels were assessed by luciferase
enzyme [25].
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2.7. Statistical analysis

Results were reported as mean + SD. One-way or two-way analysis
of variance (ANOVA) followed by proper post hoc tests were applied to
analyze the data. The Shapiro-Wilk test checked the normality and a p <
0.05 was considered significant. We used GraphPad Prism 9 for graphic
design and data analysis.

3. Results
3.1. Function assessment of isolated mitochondria in mitotherapy

The succinate dehydrogenase activity was assessed by measuring the
MTT reduction to formazan in the mitochondrial fraction at 570 nm. The
results of Fig. 1 revealed that there is no significant difference regarding
succinate dehydrogenase activity after 1 and 2 h of incubation of the
mitochondria suspension than zero time (p > 0.05).

3.2. The impact of tenofovir and mitochondrial transplantation on
viability

As shown in Fig. 2, the cytotoxic effect of Tenofovir on rat RPTCs
following 2 h incubation was determined by trypan blue assay. Teno-
fovir (5, 10, 20, 40 and 80 pM) showed a dose-dependent cytotoxic
manner on RPTCs by the reduction in cell viability at higher than 20 pM.
(*p < 0.05 vs. control, ****p < 0.0001 vs. control). Our data revealed
that the IC50 of Tenofovir in the RPTCs used in this study was reported
40 pM. Then, the results of cytotoxicity by LDH following exposure of
different concentrations of isolated mitochondria (5-160 pg protein/ml)
in RPTCs exposure with tenofovir (40 pM) revealed that pre-incubation
of RPTCs with freshly isolated mitochondria (80 pg/mg protein) pre-
vented RPTCs against tenofovir-induced cytotoxicity (p < 0.05) (Fig. 3).
Although the different concentrations of the transferred mitochondria
were able to reduce the LDH release caused by tenofovir, 80 ug protein/
ml isolated mitochondria showed highest cytoprotection against RPTCs
exposure with tenofovir (40 pM) revealed (p < 0.05) (Fig. 3).

3.3. The impact of mitochondrial transplantation on ROS levels

Data revealed a significant elevation in ROS levels after incubation of
Tenofovir with RPTCs than control group (***p < 0.001; Fig. 4).
Nonetheless, following mitochondrial transplantation (80 pg/mg pro-
tein), the ROS levels were significantly decreased in Tenofovir-treated
RPTCs (***p < 0.001; Fig. 4). It seems that mitochondrial
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Fig. 1. Effect of time on functionality of isolated mitochondria. Values are
expressed as the mean of three separate experiments (+SD). NS. No significant
difference compared to zero time as the control group (p > 0.05).
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Fig. 2. Effect of Tenofovir concentrations on RPTCs viability. Values are
expressed as the mean of three separate experiments (£SD). *p < 0.05 and
*#¥%p < 0.0001 compared with control groups.
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Fig. 3. Protective effect of transplantation of isolated mitochondria
(5-160 pg/ml) against tenofovir (40 pM) induced cytotoxicity on RPTCs.
Values are expressed as the mean of three separate experiments (£SD). *p <
0.05 and ****p < 0.0001 compared with control groups.

transplantation rescued the RPTCs from oxidative damage due to
Tenofovir.

3.4. The impact of mitochondrial transplantation on MMP assay

As shown in Fig. 5, a rapid reduction was seen in the MMP in
tenofovir-treated RPTCs in comparison with control groups. Also,
mitochondrial transplantation could restore MMP decline, as a direct
reason for Tenofovir-related mitochondrial damage.
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Fig. 4. Effect of mitochondrial transplantation on RPTCs ROS level. It was
measured by DCFH-DA (1.6 pM) following incubation of RPTCs. The fluores-
cence intensity was measured using a Shimadzu RF5000U fluorescence spec-
trophotometer with excitation and emission wavelengths 500 and 520 nm,
respectively. The results were expressed as fluorescent intensity per 10° cells.
Values are expressed as the mean of three separate experiments (+SD). *p <
0.05 and ****p < 0.0001 compared with control groups.

3.5. The impact of mitochondrial transplantation on GSH and GSSG
levels

The exposure of the mitochondria with Tenofovir decreased the GSH
concentrations (Fig. 6A) and increased the GSSG concentrations
(Fig. 6B) in RPTCs. A significant increase was found in GSH levels in
mitochondrial transplantation and Tenofovir treated groups (40 pM)
than in the Tenofovir treated groups (p < 0.01). A decrease in GSSG
concentrations was found in mitochondrial transplantation and
Tenofovir-treated groups (40 pM) compared with the Tenofovir-treated
groups (Fig. 6B; p < 0.01).

3.6. The impact of mitochondrial transplantation on ATP content

Evaluation of ATP level revealed that tenofovir (40 pM) caused a
significant decrease in ATP content in RPT cells (Fig. 7). Also, we
observed rise in ATP level following mitochondrial transplantation after
2 h tenofovir incubation in RPT cells. Besides, the protective effects in
RPT cells and significantly reserve was seen in ATP amount following
pre-incubation with 10 pM cytochalasin D which related to actin-
dependent endocytosis plays a role in mitochondrial internalization
(Fig. 7; p < 0.001).
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Fig. 5. Effect of mitochondrial transplantation on RPTCs mitochondrial mem-
brane potential. RPTCs (10° cells/ml) were incubated for 2 h following the
addition of Tenofovir (40 pM) and incubation with freshly isolated mitochon-
dria. Mitochondrial membrane potential was determined as the difference in
mitochondrial uptake of the rhodamine 123 between the control, treated cells,
and mitotherapy (Freshly isolated mitochondria addition) group. Values are
expressed as means of three separate experiments (+SD). *** Significant dif-
ference in comparison with control (p < 0.001). * Significant difference in
comparison with the tenofovir group (p < 0.05).

4. Discussion

Previous data showed that mitochondrial dysfunction has a key role
in Tenofovir-induced nephrotoxicity and recovering mitochondrial
dysfunction is the main aim in the reduction of this Tenofovir-induced
nephrotoxicity [26]. In the present investigation, treatment with
freshly isolated mitochondria or mitochondrial transplantation was
evaluated and thus freshly isolated mitochondria for rescue of damaged
RPTCs was added to tenofovir-affected cells. To observe the positive
effect of mitotherapy on tenofovir-induced nephrotoxicity oxidative
stress biomarkers including cell viability, ROS level, MMP, and reduced
and oxidized glutathione level and ATP content we evaluated.

This technique in isolation of mitochondria permits mitochondria as
intact and normal organelles to recover tenofovir-related nephrotoxicity
in the RPTCs and introduces mitochondrial transplantation as a new
therapeutic strategy [21,27,28].

It was proven that uptake of isolated mitochondria to culture media
or RPTCs by endocytosis [29]. In our previous data, we checked the
cellular uptake mechanism of isolated mitochondria in cisplatin-treated
RPTCs by pre-incubation of our mitochondria-transplanted cells with
5-(N-Ethyl-N-isopropyl) amiloride (EIPA) as a pinocytosis inhibitor,
cytochalasin D as an action-associated endocytosis inhibitor, and
methyl-cyclodextrin as an endocytosis inhibitor associated with
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Fig. 6. Effect of mitochondrial transplantation on RPTCs (A) GSH and (B) GSSG levels. Values are expressed as mean + SD of separate experiments (n = 3). **
Significant difference in comparison with control group (P < 0.01). ** Significant difference in comparison with Tenofovir (P < 0.01).
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Fig. 7. Effect of mitochondrial transplantation on RPTCs ATP contents. Values
are expressed as mean + SD of separate experiments (n = 3). ** Significant
difference in comparison with control group (P < 0.01). ** Significant differ-
ence in comparison with tenofovir (P < 0.01).

clathrin. Our data showed the mitochondrial transplantation protective
effects in the RPTCs were significantly suppressed after pre-incubation
using cytochalasin D, which confirms actin-dependent endocytosis and
the internalization of the mitochondria into the RPTCs [19,20].
Tenofovir is a nucleoside reverse transcriptase inhibitor (NRTI) drug
as a pyrimidine and purine analog, which is used for the treatment of
HIV/AIDS following phosphorylation in cell and then quickly

transformed to the active diphosphate form and competes with the
natural substrate deoxyadenosine 5-triphosphate for DNA inclusion to
inhibits HIV reverse transcriptase [30]. The important adverse effect of
tenofovir is limited to damage in proximal tubular dysfunction and renal
dysfunction as primary clinical manifestations of Tenofovir nephrotox-
icity [31].

Current evidence suggests that mitochondria and membrane trans-
porters are the main targets of tenofovir nephrotoxicity of tenofovir.
Also, the energy demand for this transport is provided by mitochondria
in proximal tubular cells [32]. Our present study showed that
tenofovir-induced nephrotoxicity is the result of ROS production and
MMP collapse which is involved in reduction of energy (ATP) produc-
tion level and increase in oxidized glutathione level which is supposed
involvement of oxidative stress and mitochondrial dysfunction and start
of cell death signaling [26,33,34].

In summary, mitochondrial dysfunction following exposure by
tenofovir caused releasing of cytochrome C from mitochondria into the
cytoplasm and consequently, activation of cell death signaling especially
caspase-9&3&7. Our data suggested oxidative stress is considered as a
mechanistic hypothesis for tenofovir-induced nephrotoxicity, which is
derived from the imbalance of pro-oxidant (overproduction of ROS) and
antioxidant level (depletion of cellular antioxidants). ROS also have
considerable effects on MMP in cells as signaling molecules in inducing
of apoptosis pathways. Oxidative stress is also responsible for trans-
mitting mitochondrial derived ROS (H205) into lysosomes and initiating
the lysosomal Fenton’s reaction which leads to hydroxyl radical gener-
ation and lysosomal membrane damage. We observed that after the
mitochondrial transplantation to RPTCs, all the toxicity parameters in
tenofovir affected RPTCs returned to normal condition via rising in
reduced glutathione and ATP levels. It supposed our hypothesis that
transplantation of freshly isolated mitochondria to the tenofovir-
affected RPTCs can cause cell functions improvement, cell viability
restoring and Therefore, decrease of mitochondrial permeability which
leads to decrease in cell injuries and decrease in activation of caspases
cascade through cytochrome c leakage from mitochondria.
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