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Mitochondrial thymidine kinase 2 (TK2) and deoxyguanosine kinase (dGK) catalyze the initial rate lim-
iting phosphorylation of deoxynucleosides and are essential enzymes for mitochondrial function. Chemo-
therapy using nucleoside analogs is often associated with mitochondrial toxicities. Here we showed that
incubation of U20S cells with didanosine (ddl, 2’,3’-dideoxyinosine), a purine nucleoside analog used in
the highly active antiretroviral therapy (HAART), led to selective degradation of both mitochondrial TK2
and dGK while the cytosolic deoxycytidine kinase (dCK) and thymidine kinase 1 (TK1) were not affected.
Addition of guanosine to the ddI-treated cells prevented the degradation of mitochondrial TK2 and dGK.

ddi The levels of intracellular reactive oxygen species and protein oxidation in ddI-treated and control cells

Mitochondrial toxicity

were also measured. The results suggest that down-regulation of mitochondrial TK2 and dGK may be a

mechanism of mitochondrial toxicity caused by antiviral and anticancer nucleoside analogs.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Didanosine (ddl, 2’,3'-dideoxyinosine) is one of the first nucleo-
side reverse transcriptase inhibitor approved for use in anti-HIV
therapy and it is still used in combination with other nucleoside
or non-nucleoside reverse transcriptase inhibitors in highly active
antiretroviral therapy (HAART) [1]. Treatment with nucleoside
analogs is often associated with mitochondrial toxic side effect
e.g., cardiomyopathy, neuropathy and lipodystrophy, especially
common in patients treated with AZT (Zidovudine) and ddl. This
has become apparent since HAART has significantly increased the
life expectancy of HIV infected individuals [2,3]. ddI is toxic pri-
marily to the nervous system, including peripheral neuropathy,
headache and retinal toxicity; and the gastrointestinal system,
including pancreatitis and hepatitis [4].

Unlike many other nucleoside analogs used in anti-HIV therapy,
the initial phosphorylation of ddl is not catalyzed by cellular
deoxynucleoside kinases, but rather by the 5'-nucleotidase/nucleo-
side phosphotransferase, using IMP (inosine monophosphate) as
phosphate donor as depicted in Fig. 1 [5]. The product, ddIMP
(2',3’-dideoxyinosine 5’-monophosphate) is converted to ddAMP
(2',3'-deoxyadenosine 5’-monophosphate) by adenylosuccinate
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lyase and adenylosuccinate synthetase. ddAMP is then further
metabolized to its active form ddATP (2',3'-dideoxyadenosine tri-
phosphate) by nucleoside mono- and diphosphate kinases [6].
Although ddA can be phosphorylated by cellular enzymes to
ddATP, in cells the majority of ddA is rapidly deaminated to ddl
by adenosine deaminase. In addition, ddI can be degraded by pur-
ine nucleoside phosphorylase to hypoxanthine. The mechanism of
action of ddATP is inhibition of HIV reverse transcriptase by com-
peting with natural occurring substrate e.g.,, dATP. In addition
ddATP can act as chain terminator once incorporated into the nas-
cent DNA chain by the HIV reverse transcriptase. ddATP can also
inhibit mitochondrial DNA polymerase and thus causes mitochon-
drial toxicities (Fig. 1) [7,8].

Mitochondrial thymidine kinase 2 (TK2) and deoxyguanosine
kinase (dGK) catalyze the initial rate-limiting phosphorylation of
all four deoxynucleosides e.g., thymidine, deoxycytidine, deoxy-
guanosine and deoxyadenosine to their respective monophos-
phates and play an important role both for mitochondrial DNA
(mtDNA) replication and nuclear DNA repair. Deficiency in either
TK2 or dGK activity due to genetic mutations causes devastating
mitochondrial DNA depletion syndrome (MDS), which is character-
ized by tissues specific mtDNA depletion or deletion [9,10]. Deple-
tions of mtDNA have been reported in patients treated with either
AZT (zidovudine, 3'-azido-2',3’-dideoxythymidine) or ddI and are
associated with myopathy, neuropathy, and cardiomyopathy,
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Fig. 1. Schematic representation of ddI metabolism and mechanism of action. ddlI,
2',3'-dideoxyinosine, ddA, 2',3'-dideoxyadenosine, ddIMP, ddl monophosphate,
ddAMP, ddA monophosphate, ddADP, ddA diphosphate, ddATP, ddA triphosphate;
Hx, hypoxanthine. Enzymes: 5'-NT, 5'-nucleotidease/IMP phosphotransferase; ASL,
adenylosuccinate lyase; ASS, adenylosuccinate synthetase; ADA, adenosine deam-
inase; NMPK, nucleoside monophosphate kinase; NDPK, nucleoside diphosphate
kinase; HIV-RT, HIV reverse transcriptase; pol yy, mitochondrial DNA polymerase v;
PNP, purine nucleoside phosphorylase.

similar to what have been observed in the MDS patients with TK2
or dGK deficiency [2,11-13].

In this paper we describe our finding that treatment of cultured
human cells with ddI caused severe reduction of mitochondrial
dGK and TK2 levels, but had no effect on the cytosolic deoxycyti-
dine kinase (dCK) or thymidine kinase 1 (TK1) levels. Co-incuba-
tion with guanosine reversed the effects of ddl on TK2 and dGK.
The levels of intracellular reactive oxygen species (ROS) and
protein carbonyl group were also determined.

2. Materials and methods
2.1. Materials

2',3'-dideoxyinosine (ddl) was purchased from Carbosynth.
Guanosine (Gua) was obtained from Sigma. Mouse monoclonal
antibodies against cytochrome c oxidase subunit II (COX II) and
subunit IV (COX IV), and anti a-tubulin antibody were purchased
from Abcam. Polyclonal rabbit anti B-tubulin antibody was from
Novus Biologicals. Polyclonal rabbit anti-human TK2 and dGK anti-
bodies were produced using synthetic peptides chosen from the C-
terminal sequences and affinity purified [14]. A mouse monoclonal
anti-human TK1 antibody [15] obtained from AroCell AB (Uppsala,
Sweden) and a polyclonal rabbit anti-human dCK antibody [16]
were used to detect the TK1 and dCK proteins, respectively. All
antibodies were diluted with recommended ratios in blocking buf-
fer (0.05% Tween-20 and 5% non-fat milk in phosphate-buffered
saline (PBS).

2.2. Cell culture conditions

U20S (human osteosarcoma cell line, ATCC HTB-96™) cells
were maintained in McCoy’s 5A (Modified) medium (Gibco®, Cell
Culture) supplemented with 10% fetal bovine serum (FBS, Gibco®

Cell Culture), 100 U/ml penicillin and 0.1 mg/ml streptomycin at
37 °C with a humid atmosphere in the presence of 5% CO,. All
nucleosides were dissolved in dimethylsulfoxide (DMSO) as stock
solutions and diluted in fresh cell culture medium prior to use.
The final DMSO concentration in the complete medium was
<0.05% (v/v).

2.3. Mitochondrial isolation and Western blot analysis

Mitochondria were prepared by differential centrifugation
method as previously described [14,17]. For total cellular protein
extraction, approximate 1 x 10° cells were re-suspended in 20 pl
lysis buffer (50 mM Tris/HCI pH 7.6, 150 mM KCl, 5 mM MgCl,,
5mM DTT, 1x protease inhibitor cocktail (Roche), 0.5% NP-40,
and 0.3 M sucrose) and cellular proteins were extracted by freezing
and thawing thrice and sonication in an ice/water bath, followed
by centrifugation at 16,000xg at 4 °C for 20 min. Protein concen-
tration was determined by the Bradford method (Bio-Rad protein
assay) using BSA as standard.

Mitochondrial proteins (30 pg/lane) and total cellular proteins
(100 pg/lane) were subjected to 12% reducing SDS-polyacrylamide
gel electrophoresis and transferred onto Immobilon polyvinylidene
difluoride (PVDF, Millipore) membranes using a semi-dry transfer
system. Membranes were incubated with blocking buffer at room
temperature for one hour and then probed with the respective pri-
mary antibodies. The anti-mouse or anti-rabbit secondary antibod-
ies conjugated with horseradish peroxidase (GE Healthcare) were
applied to the membranes and the target proteins were detected
by enhanced chemiluminescence immunodetection system (ECL
kit; GE Healthcare). Band intensities were quantified by using the
Quantify One/ImageLab software (Bio-rad).

2.4. Effects of ddI on mitochondrial TK2 and dGK and cytosolic TK1 and
dCK levels

About 6 x 10° cells were seeded in 175 cm? tissue culture flasks
and incubated in the presence of 20 uM ddI for 3 days. Mitochon-
dria were then isolated and the levels of TK2 and dGK in mitochon-
drial extracts determined by western blot analysis with polyclonal
rabbit anti human TK2 and dGK antibodies. In addition, guanosine
(Gua) (20 nM) were supplemented to ddl treated cells as described
above and mitochondria were then isolated and the levels of TK2
and dGK in mitochondrial extracts were determined [14].

To access the effects of ddI in the absence or presence of guano-
sine on the cytosolic TK1 and dCK levels, total cell lysates (~100 pg
protein) prepared from ddI-treated and control cells were resolved
on 12% SDS-PAGE and the levels of TK1 and dCK were determined
by western blot analysis, using antibodies against human TK1 [15]
and dCK [16].

2.5. Measurement of ROS levels and protein oxidation

Triplicates of 0.3 x 105 U20S cells were seeded into individual
wells of 6-welll flat-bottomed plates and incubated for three days
in complete culture medium in the presence of various concentra-
tions of ddl. To detect the intracellular ROS production, cells were
treated with 5 pg/ml CM-H,DCFDA/PBS for 15 min at 37 °C in dark.
The cells were then trypsinized and re-suspended in PBS buffer.
The intensity of oxidized CM-H,DCFDA fluorescence was immedi-
ately measured by using a FACScan® flow cytometer/Cell Quest
software (Becton Dickinson, CA, USA). The data for 10,000 events
were collected for each sample and analyzed by the Flowjo soft-
ware (Tree Star Inc, Asland, OR) and ROS levels were reported as
the geometric mean florescence of the collected cells.

Protein oxidation (carbonylation) in total extracts of U20S cells
was evaluated by the Oxyblot assays, following the manufacturer’s
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instructions. In brief, 15 pg protein was reacted with 2,4-dinitro-
phenylhydrazine (DNPH) at room temperature for 15 min in 6%
SDS (w/v) and then subjected to Western blot analysis, using an
anti-DNP antibody (1:150) to determine the content of protein car-
bonyl groups. Blots were subsequently re-probed for a-tubulin or
COX IV immuno-reactivity, which was utilized as loading control.

2.6. Statistical analysis

Experimental group differences were evaluated by using Stu-
dent’s t test performed with the GraphPad Prism software. Differ-
ences were considered as significant when a P value is <0.05.

3. Results

3.1. Treatment of U20S cells with ddI led to down regulation of
mitochondrial TK2 and dGK

Long term use of nucleoside analogs such as AZT and ddI in anti-
HIV therapy is associated with mitochondrial toxicities leading to
myopathy, neuropathy and lipodystrophy [18]. We wanted to
investigate if ddI treatments have any effect on the mitochondrial
TK2 and dGK protein levels. U20S cells were incubated with 20 pM
ddlI for 3 days and then mitochondria were isolated. Mitochondrial
proteins were separated by SDS-PAGE and TK2 and dGK protein
levels were determined by western blot analysis. As shown in
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Fig. 2 both the TK2 and dGK protein levels were decreased, 30%
and 60%, respectively. The cytochrome c oxidase subunit II (COX
1), encoded by mitochondrial DNA, also decreased ~10% in ddlI-
treated cells, while the levels of cytochrome c oxidase subunit IV
(COX 1V), coded by nuclear DNA, were unchanged (Fig. 2). The lev-
els of B-tubulin, used as a control, were the same in all cases
(Fig. 2). These results demonstrated that mitochondrial TK2 and
dGK protein levels are affected by ddI treatment, and this is most
likely the reason for the reduction of the mtDNA encoded COX II
levels.

3.2. Co-incubation with guanosine prevented down regulation of
mitochondrial TK2 and dGK

Guanosine has been shown to protect human neuroblastoma
cells against mitochondrial oxidative stress [19]. Guanosine was
added to the cells treated with ddl, after 3 days the cells were har-
vested and mitochondria were isolated. Total mitochondrial pro-
teins were used to determine the level of TK2 and dGK proteins
by western blot analysis. Again, ddI caused pronounced reduction
of both TK2 and dGK protein levels, and a mild reduction of the
COX II level was also observed (Fig. 3). Addition of Guanosine pre-
vented the down regulation of mitochondrial TK2 and dGK as well
as the COX II protein. The COX IV levels were unchanged (Fig. 3).
These results demonstrated that guanosine apparently protected
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Fig. 2. TK2 and dGK protein levels in cells treated with ddl. U20S cells were incubated in the presence and absence of 20 uM ddI for 3 days, and then mitochondria were
isolated and used to determine the level of TK2 and dGK by Western blot analysis (A). The band intensities were quantified and are shown as TK2 and dGK levels relative to
the controls after normalization to the level of COX IV, the ratio of COXII/COX IV was also shown (B). The levels of B-tubulin used as controls.
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Fig. 3. The effects of guanosine supplementation on the levels of mitochondrial TK2 and dGK, and cytosolic TK1 and dCK. Total cell extracts and mitochondrial extracts were
prepared from U20S cells treated with 20 pM ddI alone or in combination with 20 pM guanosine (Gua) for 3 days. The levels of mitochondrial TK2 and dGK, cytosolic TK1 and
dCK, COX II, COX IV and B-tubulin were determined by western blot analysis (A, lanes 1-3: control, ddl, ddI plus Gua); the protein bands were quantified and are shown as
levels relative to the control (B). The levels of B-tubulin used as controls. The data are presented as the mean + SEM (n = 3, **p < 0.01 vs controls; *p < 0.05 vs controls). ns, not

significant.
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TK2 and dGK from ddl induced effects but the mechanism is pres-
ently not known.

3.3. Cytosolic TK1 and dCK protein levels were not affected by ddl
treatment

To investigate if the ddI effects are mitochondrial specific, total
proteins were extracted from cells treated with ddI alone or in the
presence of guanosine. The levels of TK1 and dCK were determined
by Western blot using the anti human TK1 and dCK antibodies. As
shown in Fig. 3 there were no significant changes in TK1, dCK or
the control proteins e.g., COX IV and B-tubulin levels. These results
indicated that the effects of ddI are mitochondrial specific.

3.4. No alterations of cellular ROS and protein carbonylation levels in
ddl-treated cells

Several antiviral nucleoside analogs have been shown to induce
oxidation stress [20-24], therefore, we measured the levels of ROS
and protein carbonyl content in cells treated with ddl. As shown in
Fig. 4 total cellular ROS were at similar levels for cells treated with
different concentrations of ddlI; total protein carbonyl content
showed some variation but the changes were not significant. The
levels of cytosolic TK1 protein were also determined and we found
no apparent changes. The levels of a-tubulin, used as loading con-
trol, were at similar levels in all samples (Fig. 4). These results
strongly suggest that the ddl effect on mitochondrial TK2 and
dGK is probably not linked to oxidative stress.
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4. Discussion

In this study we demonstrated that treatment of cultured cells
with ddI caused profound reduction of mitochondrial TK2 and
dGK proteins levels, although these two enzymes are not known
to be involved in the metabolism of ddl. The ddI effect were mito-
chondrial specific since only TK2 and dGK were down-regulated
but not the cytosolic TK1 and dCK, nor other control proteins such
as COX IV, a-tubulin, and B-tubulin, which all remained at the sim-
ilar levels even in cells treated with high concentration of ddl.
Interestingly co-incubation with guanosine abolished the ddl
effects on both TK2 and dGK protein levels.

Deficiency in TK2 or dGK is associated with tissues specific
mtDNA depletion syndrome in humans [9] and it is likely that
the ddl induced reduction in TK2 and dGK levels will result in
mtDNA depletion, particularly in case of prolonged ddI treatments.
Our results showed that even in short time incubation with 20 uM
ddI the levels of mtDNA encoded protein COX II was reduced, indi-
cating a reduction of mtDNA copy number in the U20S cells.

Several nucleoside analogs have been shown to induce time-
and dose-dependent mtDNA depletion, cell growth inhibition,
and elevation of intracellular lactate and lipids in cultured HepG2
cells, CEM cells, human muscle cells, and healthy primary human T
lymphocytes [4,25]. In mice exposed to ddl, AZT, D4T and 3TC
mtDNA depletion was observed in liver, muscle and cortical neu-
rons but not in other tissues [26], which is similar to what was
observed with the TK2 knockout mice [27,28].

Mitochondrial malfunction causes oxidative stress, which has
been implicated in many diseases. TK2 has been shown to be
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Fig. 4. The levels of total cellular ROS and protein carbonyl content in U20S cells after 3 days of exposure to ddl. Cells were prepared as described in the Section 2. (A) Left
panel, representative flow cytometry offset histogram of the fluorescence of oxidized products of CM-H,DCFDA in U20S cells exposed to various concentrations of ddI (the
curves from bottom to top represent treatments with 0, 50, 100, 500, and 1000 uM ddl); right panel, relative intracellular ROS levels in cells treated with ddI. The results are
expressed as the average percentage + standard error of the mean (SEM) of the control value (n = 3). (B) Left panel, representative Western blot of protein carbonylation using
the Oxyblot assay; right panel, the carbonyl content of total cellular proteins were normalized to the levels of a-tubulin and are presented as percent of the control (untreated

cells) values. The levels of cytosolic TK1 were also determined in these samples.
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sensitive to oxidative stress induced modification and down regu-
lation [ 14]. Similar to TK2, our preliminary data showed that dGK is
also down regulated under oxidative stress (data not shown). Ear-
lier studies have shown that AZT and D4T, but not ddI or 3TC, cause
increased ROS production in normal and cancerous human cells,
and cells from AIDS patients [20-24]. In this study there was no
alteration in ROS levels, nor were the levels of proteins oxidation
in ddI-treated cells. Therefore, the ddI effects observed with TK2
and dGK are probably not explained by ROS generated in the pres-
ence of the nucleoside analogs but may be related to other signal-
ing mechanism induced by nucleotide pool alterations.

Tempol, a cyclic nitroxide with unique antioxidant property,
protects cardiomyocytes from AZT and ddI induced mitochondrial
toxicity [29], possibly by reducing the mitochondrial ROS levels.
Uridine supplementation in antiviral therapy reduced peripheral
neuropathy and encephalopathy both in AIDS patients and in ani-
mal model [30-32], but the mechanism is not known. Here we
showed that guanosine could restore the level of TK2 and dGK to
normal in cells treated with ddl. Although the mechanisms
involved are not known, it is possible that uridine, tempol and gua-
nosine reduce the level of cellular oxidative and/or nucleotide
stress or increase the transcription/translation of critical genes
involved in antioxidant defense, and thus protect TK2 and dGK
from modifications and degradation. These results demonstrated
that antioxidants supplementation in anticancer and antiviral ther-
apy using nucleoside analogs may be beneficial to the patients via
several mechanisms by reducing cellular stress levels.

Adequate and balanced dNTP pools are vital both for nuclear
DNA and mtDNA replication and maintenance, and imbalanced
dNTP supply has been shown to cause mtDNA depletion [33-35].
Reduction of TK2 and dGK levels cause depletion of mitochondrial
DNA precursor pools and thereby stalk mtDNA synthesis leading to
mtDNA depletion and impaired mitochondrial function. Most
likely down-regulation of TK2 and dGK is a general mechanism
for induction of mtDNA depletion caused by nucleoside reverse
transcriptase inhibitors.

Acknowledgment

This work was supported by a grant from the Swedish Research
Council.

References

[1] H. Hien, N. Meda, S. Diagbouga, E. Zoure, S. Yaméogo, H. Tamboura, ]. Somé, A.

Ouinminga, F. Rouet, A. Drabo, A. Hien, J. Nicolas, H. Chappuy, P. Van de Perre,

P. Msellati, B. Nacro, 24-Month adherence, tolerance and efficacy of once-a-day

antiretroviral therapy with didanosine, lamivudine, and efavirenz in African

HIV-1 infected children: ANRS 12103/12167, Afr. Health Sci. 13 (2013) 287-

294.

U. Walker, B. Setzer, N. Venhoff, Increased long-term mitochondrial toxicity in

combinations of nucleoside analogue reverse-transcriptase inhibitors, AIDS 16

(2002) 2165-2173.

[3] R. Smith, R. de Boer, S. Brul, Y. Budovskaya, H. van der Spek, Premature and
accelerated ageing: HIV or HAART?, Front Genet. 3 (2013) 1-9.

[4] W. Lewis, B.J. Day, W.C. Copeland, Mitochondrial toxicity of NRTI antiviral
drugs: an integrated cellular perspective, Nat. Rev. Drug Discov. 2 (2003) 812-
822.

[5] W.A. Johnson, A. Fridland, Phosphorylation of 2’,3’-dideoxyinosine by
cytosolic 5’-nucleotidase of human lymphoid cells, Mol. Pharmacol. 36
(1989) 291-295.

[6] M. Johnson, G. Ahluwalia, M. Connelly, D. Cooney, S. Broder, D. Johns, A.
Fridland, Metabolic pathways for the activation of the antiviral agent 2',3'-
dideoxyadenosine in human lymphoid cells, J. Biol. Chem. 263 (1988) 15354-
15357.

[7] W. Plunkett, P. Saunders, Metabolism and action of purine nucleoside analogs,
Pharm. Ther. 49 (1991) 239-268.

[8] J. Balzarini, Metabolism and mechanism of antiretroviral action of purine and
pyrimidine derivatives, Pharm. World Sci. 16 (1994) 113-126.

[9] L. Wang, S. Eriksson, Tissue specific distribution of pyrimidine
deoxynucleoside salvage enzymes shed light on the mechanism of
mitochondrial DNA depletion, Nucleosides Nucleotides Nucleic Acids 29
(2010) 400-403.

[2

[10] H. Tyynismaa, R. Sun, S. Ahola-Erkkild, H. Almusa, R. Péyh6nen, M. Korpela, J.
Honkaniemi, P. Isohanni, A. Paetau, L. Wang, A. Suomalainen, Thymidine
kinase 2 mutations in autosomal recessive progressive external
ophthalmoplegia with multiple mitochondrial DNA deletions, Hum. Mol.
Genet. 21 (2012) 66-75.

[11] A. Saada, A. Shaag, H. Mandel, Y. Nevo, S. Eriksson, O. Elpeleg, Mutant
mitochondrial thymidine kinase in mitochondrial DNA depletion myopathy,
Nat. Genet. 29 (2001) 342-344.

[12] H. Mandel, R. Szargel, V. Labay, O. Elpeleg, A. Saada, A. Shalata, Y. Anbinder, D.
Berkowitz, C. Hartman, M. Barak, S. Eriksson, N. Cohen, The deoxyguanosine
kinase gene is mutated in individuals with depleted hepatocerebral
mitochondrial DNA, Nat. Genet. 29 (2001) 337-341.

[13] K. Brinkman, J. Smeitink, J. Romijn, P. Reiss, Mitochondrial toxicity induced by
nucleoside-analogue reverse-transcriptase inhibitors is a key factor in the
pathogenesis of antiretroviral-therapy-related lipodystrophy, Lancet 354
(1999) 1112-1115.

[14] R. Sun, S. Eriksson, L. Wang, Oxidative stress induced S-glutathionylation and
proteolytic degradation of mitochondrial thymidine kinase 2, J. Biol. Chem.
287 (2012) 24304-24312.

[15] F. Gasparri, N. Wang, S. Skog, A. Galvani, S. Eriksson, Thymidine kinase 1
expression defines an activated G1 state of the cell cycle as revealed with site-
specific antibodies and ArrayScan assays, Eur. ]. Cell Biol. 88 (2009) 779-785.

[16] P. Hatzis, A. Al-Madhoon, M. Jiillig, T. Petrakis, S. Eriksson, I. Talianidis, The
intracellular localization of deoxycytidine kinase, J. Biol. Chem. 273 (1998)
30239-30243.

[17] J.C. Graham, Subcellular fractionation and isolation of organelles, Current
Protocols in Cell Biology, John Wiley & Sons, Inc, 1999, pp. 3.3.1-3.3.15.

[18] K. Brinkman, H. ter Hofstede, D. Burger, J. Smeitink, P. Koopmans, Adverse
effects of reverse transcriptase inhibitors: mitochondrial toxicity as common
pathway, AIDS 12 (1998) 1735-1744.

[19] T. Dal-Cim, S. Molz, J. Egea, E. Parada, A. Romero, J. Budni, M. Martin de
Saavedra, L. del Barrio, C. Tasca, M. Lopez, Guanosine protects human
neuroblastoma SH-SY5Y cells against mitochondrial oxidative stress by
inducing heme oxygenase -1 via PI3K/Akt/GSK-3b pathway, Neurochem. Int.
61 (2012) 397-404.

[20] M. Caron, A. Vissian, C. Vigouroux, J. Capeau, M. Auclair, Contribution of
mitochondrial dysfunction and oxidative stress to cellular premature
senescence induced by antiretroviral thymidine analogues, Anticancer Res.
13 (2008) 27-39.

[21] E. Kline, L. Bassit, B. Hernandez-Santiago, M. Detorio, B. Liang, D. Kleinhenz, E.
Walp, S. Dikalov, D. Jones, R. Schinazi, R. Sutliff, Long-term exposure to AZT,
but not DAT, increases endothelial cell oxidative stress and mitochondrial
dysfunction, Cardiovasc. Toxicol. 9 (2009) 1-12.

[22] I. Mak, ]. Chmielinska, ]J. Kramer, W. Weglicki, AZT-induced oxidative
cardiovascular toxicity: attenuation by Mg-supplementation, Cardiovasc.
Toxicol. 9 (2009) 78-85.

[23] C. Amatore, S. Arbault, G. Jaouen, A.C.W. Koh, WK. Leong, S. Top, M.-A.
Valleron, C.H. Woo, Pro-oxidant properties of AZT and other thymidine
analogues in macrophages: implication of the azido moiety in oxidative stress,
ChemMedChem 5 (2010) 296-301.

[24] M. Stankov, D. Panayotova-Dimitrova, M. Leverkus, F. Vondran, R. Bauerfeind,
A. Binz, G. Behrens, Autophagy inhibition due to thymidine analogues as novel
mechanism leading to hepatocyte dysfunction and lipid accumulation, AIDS 26
(2012) 1995-2006.

[25] E. Benbrik, P. Chariot, S. Bonavaud, M. Ammi-Said, E. Frisdal, C. Rey, R. Gheradi,
G. Barlovatz-Meimon, Cellular and mitochondrial toxicity of zidovudine (AZT),
didanosine (ddI) and zalcitabine (ddC) on cultured human muscle cells, J.
Neurol. Sci 149 (1997) 19-25.

[26] Y. Zhang, F. Song, Z. Gao, W. ding, L. Qiao, S.Y. Yang, X. Chen, R. Jin, D. Chen,
Long-term exposure of mice to nucleoside analogues disrupts mitochondrial
DNA maintenance in cortical neurons, PLoS One 9 (2014) e85637.

[27] X. Zhou, N. Solaroli, M. Bjerke, ]J. Stewart, B. Rozell, M. Johansson, A. Karlsson,
Progressive loss of mitochondrial DNA in thymidine kinase 2 deficient mice,
Hum. Mol. Genet. 17 (2008) 2329-2335.

[28] H. Akman, B. Dorado, L. Lépez, A. Garcia-Cazorla, M. Vila, L. Tanabe, W. Dauer,
E. Bonilla, K. Tanji, M. Hirano, Thymidine kinase 2 (H126N) knockin mice show
the essential role of balanced deoxynucleotide pools for mitochondrial DNA
maintenance, Hum. Mol. Genet. 17 (2008) 2433-2440.

[29] Y. Liu, E. Shim, P. Nguyen, A. Gibbons, J. Mitchell, M. Poirier, Tempol protects
cardiomyocytes from nucleoside reverse transcriptase inhibitor-induced
mitochondrial toxicity, Toxicol. Sci. 139 (2014) 133-141.

[30] D. Lebrecht, C. Deveaud, B. Beauvoit, ]. Bonnet, J. Kirschner, U. Walker, Uridine
supplementation antagonizes zidovudine-induced mitochondrial myopathy
and hyperlactatemia in mice, Arthritis Rheum. 58 (2008) 318-326.

[31] N. Venhoff, D. Lebrecht, C. Deveaud, B. Beauvoit, ]. Bonnet, K. Miiller, J.
Kirschner, A. Venhoff, U. Walker, Oral uridine supplementation antagonizes
the peripheral neuropathy and encephalopathy induced by antiretroviral
nucleoside analogues, AIDS 24 (2010) 345-352.

[32] U. Walker, D. Lebrecht, W. Reichard, J. Kirschner, E. Bisse, L. Iversen, A.C.
Venhoff, N. Venhoff, Zidovudine induces visceral mitochondrial toxicity and
intraabdominal fat gain in a rodent model of lipodystrophy, Antivir. Ther.
(2014), http://dx.doi.org/10.3851/IMP2758.

[33] E. Gonzalez-Vioque, J. Torres-Torronteras, A. Andreu, R. Marti, Limited dCTP
availability accounts for mitochondrial DNA depletion in mitochondrial
neurogastrointestinal encephalomyopathy (MNGIE), PLoS Genet. 7 (2011)
€1002035.


http://refhub.elsevier.com/S0006-291X(14)01172-3/h0005
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0005
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0005
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0005
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0005
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0005
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0010
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0010
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0010
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0015
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0015
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0020
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0020
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0020
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0025
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0025
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0025
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0025
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0025
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0025
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0030
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0030
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0030
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0030
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0030
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0030
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0035
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0035
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0040
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0040
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0045
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0045
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0045
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0045
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0050
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0050
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0050
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0050
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0050
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0055
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0055
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0055
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0060
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0060
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0060
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0060
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0065
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0065
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0065
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0065
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0070
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0070
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0070
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0075
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0075
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0075
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0080
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0080
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0080
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0085
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0085
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0085
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0090
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0090
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0090
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0095
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0095
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0095
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0095
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0095
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0100
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0100
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0100
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0100
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0105
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0105
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0105
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0105
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0110
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0110
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0110
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0115
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0115
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0115
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0115
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0120
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0120
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0120
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0120
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0125
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0125
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0125
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0125
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0130
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0130
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0130
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0135
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0135
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0135
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0140
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0140
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0140
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0140
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0150
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0150
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0150
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0155
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0155
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0155
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0160
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0160
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0160
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0160
http://dx.doi.org/10.3851/IMP2758
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0170
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0170
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0170
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0170

1026 R. Sun et al./Biochemical and Biophysical Research Communications 450 (2014) 1021-1026

[34] Y. Camara, E. Gonzalez-Vioque, M. Scarpelli, J. Torres-Torronteras, A. Caballero, [35] M.-H. Lee, L. Wang, Z.-F. Chang, The contribution of mitochondrial thymidylate
M. Hirano, M. Ramon, Administration of deoxyribonucleosides or inhibition of synthesis in preventing the nuclear genome stress, Nucleic Acids Res. 42
their catabolism as a pharmacological approach for mitochondrial DNA (2014) 4972-4984.

depletion syndrome, Hum. Mol. Genet. 23 (2013) 2459-2467.


http://refhub.elsevier.com/S0006-291X(14)01172-3/h0175
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0175
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0175
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0175
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0180
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0180
http://refhub.elsevier.com/S0006-291X(14)01172-3/h0180

	Down-regulation of mitochondrial thymidine kinase 2 and deoxyguanosine kinase by didanosine: Implication for mitochondrial toxicities of anti-HIV nucleoside analogs
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Cell culture conditions
	2.3 Mitochondrial isolation and Western blot analysis
	2.4 Effects of ddI on mitochondrial TK2 and dGK and cytosolic TK1 and dCK levels
	2.5 Measurement of ROS levels and protein oxidation
	2.6 Statistical analysis

	3 Results
	3.1 Treatment of U2OS cells with ddI led to down regulation of mitochondrial TK2 and dGK
	3.2 Co-incubation with guanosine prevented down regulation of mitochondrial TK2 and dGK
	3.3 Cytosolic TK1 and dCK protein levels were not affected by ddI treatment
	3.4 No alterations of cellular ROS and protein carbonylation levels in ddI-treated cells

	4 Discussion
	Acknowledgment
	References


