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Abstract
3′-Azido-3′-deoxythymidine (AZT) is a staple of highly active antiretroviral therapy (HAART). Prior
to HAART, long-term use of high-dosage AZT caused myopathy, cardiomyopathy, and
hepatotoxicity, associated with mitochondrial DNA depletion. As a component of HARRT, AZT
causes cytopenias and lipodystrophy. AZT-5′-triphosphate (AZTTP) is a known inhibitor of the
mitochondrial polymerase γ and has been targeted as the source of the mitochondrial DNA depletion.
However, in previous work from this laboratory with isolated rat heart mitochondria, AZT
phosphorylation beyond AZT-5′-monophosphate (AZTMP) was not detected. Rather, AZT was
shown to be a more potent inhibitor of thymidine phosphorylation (50% inhibitory concentration
(IC50) of 7.0 ± 1.0 μM) than AZTTP is of polymerase γ (IC50 of >100 μM), suggesting that depletion
of mitochondrial stores of TTP may limit replication. This work has investigated whether an identical
mechanism might account for the hepatotoxicity seen with long-term use of AZT. Isolated rat liver
mitochondria were incubated with labeled thymidine or AZT, and the rate and extent of
phosphorylation were determined by HPLC analysis of acid-soluble extracts of the incubated
mitochondria. The results showed that in the phosphorylation of thymidine to TMP, liver
mitochondria exhibit a higher Vmax and Km than heart mitochondria, but otherwise heart and liver
mitochondria display similar kinetics. AZT is phosphorylated to AZTMP, but no further
phosphorylated forms were detected. In addition, AZT inhibited the production of TTP, with an
IC50 of 14.4 ± 2.6 μM AZT. This is higher, but comparable to, the results seen in isolated rat heart
mitochondria.
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1. Introduction
3′-Azido-3′-deoxythymidine (AZT) is an analog of thymidine and belongs to the class of drugs
called the nucleoside-analog reverse transcriptase inhibitors, used in the treatment of acquired
immunodeficiency syndrome (AIDS). AZT capitalizes on human immunodeficiency virus’s
(HIV) unique method of replication by inhibiting the viral reverse transcriptase, which blocks
the life-cycle of HIV and effectively slows the progression of AIDS. When given in
monotherapy at high doses over long periods of time, AZT is known to cause damage to many
tissues, including a mitochondrial skeletal muscle myopathy, a dilated cardiomyopathy, and
hepatotoxicity [1–11]. These conditions are related to AZT use and not to the progression of
AIDS since when patients experiencing one or more of these adverse effects discontinued AZT
therapy, the adverse effects would resolve [8,9]. In modern therapy regimens, AZT is given at
much lower doses and in combination with other drugs. Thus, these adverse effects have
become fairly rare, but hematological toxicities, such as anemia, and lipodystrophy are
observed commonly in combination therapy [12–14].

These toxicities are believed to be mediated through mitochondrial damage and are associated
with mitochondrial DNA depletion [15–17]. The current prevailing hypothesis for this damage
is by 3′-azido-3′-deoxythymidine-5′-triphosphate (AZTTP) inhibition of the mitochondrial
DNA polymerase γ [18]. However, several groups have demonstrated that relative to other
nucleoside analog triphosphates, AZTTP is not a very good inhibitor of polymerase γ (50%
inhibitory concentration (IC50) of 100–200 μM AZTTP) [16,17,19]. Further, because 3′-
azido-3′-deoxythymidine-5′-monophosphate (AZTMP) is a poor substrate for the cytosolic
thymidylate kinase [20,21], levels of AZTTP high enough to inhibit polymerase γ have not
been reported even in mitotic tissue [20,22]. Prior research utilizing non-mitotic tissue in this
laboratory demonstrated that AZTTP was not detected during the 2 h incubation of isolated rat
heart mitochondria and that AZTMP accumulated within the matrix of the mitochondria [23].
This research also has shown that AZT was a potent inhibitor of thymidine phosphorylation
in isolated rat heart mitochondria (IC50 of 7.0 ± 1.0 μM AZT). This inhibition is directed
towards the mitochondrial thymidine kinase 2, which is the only thymidine kinase expressed
in non-mitotic cells [24]. An alternative hypothesis for the observed toxicity is that in non-
mitotic tissues, AZT results in the depletion of mitochondrial stores of TTP, limiting
mitochondrial DNA replication and causing mitochondrial toxicity [23]. This work intends to
extend this original research beyond rat heart to another tissue, the rat liver.

2. Materials and methods
2.1. Isolation and incubation of rat liver mitochondria

Mitochondria were isolated from Harlan Sprague–Dawley rat liver using a slight modification
of the method described previously [23]. In this modified procedure, the liver is not perfused
before homogenization, and no nagarse is used. The isolated mitochondria were then incubated
at 30 °C in a medium defined previously [23], containing mitochondria at 4 mg protein/mL in
25 mM MOPS buffer (pH 7.2), 90 mM potassium chloride, 4 mM magnesium sulfate, 5 mM
potassium phosphate, 0.4 mM EGTA, 44 mM mannitol, 14 mM sucrose, BSA (1 mg/mL), 2
mM ATP, 20 mM glutamate, and 0.1 mM of the other 19 amino acids. Concentrations and
specific radioactivities of [methyl-3H]-thymidine and [methyl-3H]-AZT used in these
incubations are noted in the figure legends.

2.2. Detection of mitochondrial phosphorylation of thymidine and AZT by direct precipitation
A 0.2 mL aliquot of the incubation medium was removed at various time points and was mixed
with an equal volume of 10% trichloroacetic acid. The mixture was kept on ice for at least 10
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min and then centrifuged. 0.35 mL of the acid-soluble supernatant was removed and neutralized
with 350 mg of resin (AG-11A8) and 0.21 mL of water. The neutralized extract was filtered
and analyzed by HPLC as described below.

This method yields the total of the nucleoside and nucleotide components found in the medium
and in the acid-soluble portion of the mitochondrial matrix. The rate of appearance of
phosphorylated forms of a labeled precursor can be quantitated over time or in relation to
substrate concentration. This method does not differentiate between phosphorylation within
the matrix and phosphorylation outside of the matrix.

2.3. HPLC analysis
[Methyl-3H]-thymidine, [methyl-3H]-AZT, and their phosphorylated intermediates from the
neutralized acid-soluble extract described in the previous section were identified and
quantitated using reverse-phase HPLC with an Alltech nucleoside/nucleotide column
connected to an in-line UV monitor (254 nm) and a Radiomatic flow-through scintillation
counter as described previously [23]. The buffers used for HPLC analysis were as follows: 60
mM ammonium phosphate and 5 mM tetrabutylammonium phosphate in water (A) and 5 mM
tetrabutylammonium phosphate in methanol (B). Three methods used on the HPLC are
described below, and results from typical runs are shown in Fig. 1. All methods use a total flow
rate of 2 mL/min. For [methyl-3H]-thymidine compounds and for [methyl-3H]-AZT with AZT
concentrations less than 10 μM, the methods used are the same as described previously in
McKee et al. [23]. For [methyl-3H]-AZT with AZT concentrations of 10 μM or higher, the
HPLC method starts at 80% A and 20% B, shifts to 60% A and 40% B over 15 min using a
slightly concave gradient, holds at 60% A and 40% B for 10 min, and finally drops immediately
to 80% A and 20% B and holds for 5 min to re-equilibrate the column. This improved separation
of AZT and AZTMP, necessary at high concentrations of AZT.

2.4. Data treatment
Values of Vmax, Km, and IC50 and their respective standard deviations were obtained by best
fit graphical analysis of the data using Sigma Plot 9.01.

3. Results
3.1. Removal of nagarse from mitochondrial isolation method

Originally, the liver mitochondria to be used for this work were isolated using nagarse, similar
to the described method in McKee et al. [23]. However, replacement of the nagarse with a
solution containing 220 mM mannitol, 70 mM sucrose, 5 mM MOPS, and 2 mM EGTA resulted
in better coupled mitochondria with higher respiratory control ratios. The mean respiratory
control ratio ± standard error of mean (S.E.M.) for the mitochondria isolated with nagarse was
3.86 ± 0.39, and for mitochondria isolated without nagarse, it was 4.92 ± 0.22. A two-tailed
Student’s t-test was used to compare these means and yielded p = 0.04, suggesting that the
difference between the means is statistically significant.

3.2. Time course of thymidine and AZT phosphorylation in isolated rat liver mitochondria
Isolated mitochondria were incubated as described in Section 2 with the addition of either
[methyl-3H]-thymidine or [methyl-3H]-AZT to the incubation medium. Aliquots were then
removed at several time points and prepared as described in Section 2. The data for thymidine
(Fig. 2A) reveal that the total amount of phosphorylated thymidine (all TNP) increases nearly
linearly over the 90 min incubation period. TMP accounts for the bulk of the phosphorylated
thymidine, and its level also increases nearly linearly over the course of the incubation. TDP
and TTP rise at much slower rates. This suggests that in isolated rat liver mitochondria, the
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rate-limiting step in the thymidine phosphorylation pathway is at the conversion of TMP to
TDP.

As with thymidine, the data for AZT (Fig. 2B) show a linear rate of conversion of AZT to
AZTMP. However, unlike thymidine, AZTMP was not further phosphorylated, and no 3′-
azido-3′-deoxythymidine-5′-diphosphate (AZTDP) or AZTTP was detected over the course of
the 2 h incubation period.

3.3. Kinetics of thymidine and AZT phosphorylation in isolated rat liver mitochondria
Using a range of thymidine concentrations, varying from 0.4 μM to 200 μM, the kinetics of
thymidine phosphorylation were determined. The sum of the measured levels of TMP, TDP,
and TTP was used to calculate the velocity of thymidine phosphorylation (picomole per
milligram protein per hour). Fitting these data using the Michaelis–Menton equation yields a
Vmax of 284.4 ± 22.6 pmol mg−1 h−1 and an apparent Km of 12.0 ± 3.5 μM. The Eadie–Hofstee
plot (Fig. 3B) is distinctly biphasic, and the data in it are approximated with two straight lines,
producing two approximated Km’s (27.7 μM and 2.3 μM). The calculated Hill coefficient (Fig.
3B, inset) is 0.67. Both the biphasic Eadie–Hofstee plot and the Hill coefficient of less than 1
are highly suggestive of negative cooperativity, which has been previously observed with
purified thymidine kinase 2 [25].

The kinetics of AZT phosphorylation were determined in the same manner as for thymidine
phosphorylation, utilizing AZT concentrations varying from 0.4 μM to 120 μM. The
Michaelis–Menton equation yields a Vmax of 68.8 ± 2.9 pmol mg−1 h−1 and an apparent Km of
6.3 ± 1.1 μM (Fig. 4A). As noted for thymidine, the Eadie–Hofstee plot (Fig. 4B) is biphasic,
and the Hill coefficient (Fig. 4B, inset) is 0.76. Again, these both suggest negative
cooperativity.

3.4. Inhibition of thymidine phosphorylation by AZT in isolated rat liver mitochondria
Previous work with isolated rat heart mitochondria has shown that AZT inhibits the
phosphorylation of thymidine (Fig. 5). To see if this holds true for isolated rat liver
mitochondria, [methyl-3H]-thymidine was incubated in the presence of concentrations of AZT
ranging from 0 μM to 200 μM. A constant thymidine concentration of 1 μM, chosen as an
approximation of the physiological concentration of thymidine [26], was used for all samples.
The results demonstrate clearly that increasing the AZT concentration causes a decrease in the
rate of thymidine phosphorylation, with an IC50 of 14.4 ± 2.6 μM AZT.

4. Discussion
During the pre-highly active antiretroviral therapy (HAART) era, AZT monotherapy in AIDS
patients was closely associated with myopathy, cardiomyopathy, and hepatotoxicity [1–10].
Subsequent work in HIV negative rat models treated with AZT confirmed the presence of the
same type of toxicities in the rat [11,15]. Cytotoxicity of AZT has also been shown in a variety
of transformed cells, including the HepG2 cell line [10,22,27]. In all cases, the toxicity of AZT
was correlated with abnormal mitochondria and mitochondrial DNA depletion, when
examined. Earlier work from this laboratory investigated the mechanism of this toxicity in
isolated rat heart mitochondria and proposed that the toxicity may be caused by AZT inhibition
of thymidine salvage with depletion of the TTP pool [23]. The findings described here extend
these studies to isolated rat liver mitochondria. A comparison of the liver studies with those
from heart demonstrates that both heart and liver mitochondria readily phosphorylate
thymidine to TTP. The initial reaction in this pathway is catalyzed by thymidine kinase 2. In
the liver mitochondria, the Vmax of this reaction is about seven-fold faster, and the Km is about
six-fold higher. In both heart and liver TMP is the predominant phosphorylated form of
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thymidine, suggesting that the thymidylate kinase reaction, converting TMP to TDP, has
become the rate-limiting reaction in the isolated mitochondria. AZT is readily phosphorylated
to AZTMP in mitochondria from both tissues, and no AZTDP or AZTTP is detected over the
course of the incubation period. The liver mitochondria display a Vmax for AZT
phosphorylation about three-fold faster, but unlike for thymidine, the Km is nearly the same as
in heart mitochondria. Both tissues display negative cooperativity in the phosphorylation of
thymidine and AZT. This is consistent with previous observations in purified thymidine kinase
2 [25].

No AZTTP is detected during the incubation in either liver or heart mitochondria [23]. This
may be due to the limited time frame in which isolated mitochondria may be studied and to
the poor reactivity of AZTMP with thymidylate kinase. Previous work in heart mitochondria
[23] indicates that TMP and AZTMP are not transported across the inner membrane and must
be phosphorylated by a matrix thymidylate kinase, which has yet to be characterized.
Nonetheless, the cytosolic thymidylate kinase is known to be a highly rate-limiting step in the
AZT phosphorylation pathway [20]. This raises the probability that AZTTP is unlikely to ever
reach the concentration (>100 μM [17]) required to inhibit the mitochondrial DNA polymerase
γ. Alternatively, AZT potently inhibits the phosphorylation of thymidine in both heart and liver
mitochondria. The IC50 for liver mitochondria (14.4 ± 2.6 μM AZT) is higher but still
comparable to the IC50 observed for heart mitochondria (7.0 ± 1.0 μM AZT) [23]. This supports
the hypothesis proposed by McKee et al. [23] in which AZT inhibits thymidine phosphorylation
causing the TTP pools contained within the mitochondria to become limiting. This could cause
a slowing or halting of mitochondrial DNA replication, leading to mitochondrial DNA
depletion. The cytosolic thymidine kinase 1 is regulated by the cell-cycle and is expressed only
during S-phase [28]. In non-mitotic cells, like those found in heart and liver, no thymidine
kinase 1 is expressed, and the only route available for these cells to phosphorylate thymidine
is by the mitochondrial thymidine kinase 2 pathway [28]. AZT, by acting to inhibit thymidine
kinase 2, may greatly slow the conversion of thymidine to TMP. A reduction in the production
of TMP directly results in a reduction in TTP production, as TMP is a necessary precursor to
TTP. As TTP becomes limiting, mitochondrial DNA replication slows, and eventually
mitochondrial DNA depletion is evident. Additionally, an imbalance in the TTP pool relative
to the other dNTP pools is known to increase the mitochondrial DNA mutation rate [29].
Further evaluation of this potential mechanism will require studies correlating the depletion of
TTP pools with cytotoxicity, mitochondrial toxicity, and mitochondrial DNA depletion,
perhaps in hepatocyte or cardiomyocyte cell culture.

Strong support for this hypothesis of mitochondrial DNA depletion comes from a human
inherited disease of severe muscle myopathy with mitochondrial DNA depletion caused by a
partial deficiency of thymidine kinase 2 [30,31]. This disease is usually lethal in childhood.
Saada et al. [32] have demonstrated that TTP is significantly reduced in fibroblast cells cultured
from these patients. Liver damage has not been reported in the few individuals that have been
characterized to have a partial thymidine kinase 2 deficiency; however, a similar mitochondrial
DNA depletion disease affecting liver and brain has been characterized in which the matrix
enzyme deoxyguanosine kinase is deficient [33]. The difference in the presenting pathology
of these two disorders is unknown, but it may be related to tissue specific levels of expression
of the respective enzymes.
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Fig. 1.
HPLC analysis of thymidine (A) and AZT (B) nucleosides and nucleotides in the acid-soluble
extracts of incubated isolated liver mitochondria. Thymidine standard (A, top) and AZT
standard (B, top) were separated by HPLC with an in-line UV absorbance detector. The acid-
soluble extracts of a mitochondrial sample after 0 min (A, middle) and 120 min (A, bottom)
of incubation with [methyl-3H]-thymidine (1 μM, 8000 dpm pmol−1) were detected by HPLC
and an in-line scintillation counter. The acid-soluble extracts of a mitochondrial sample after
0 min (B, middle) and 120 min (B, bottom) of incubation with [methyl-3H]-AZT (1 μM, 8000
dpm pmol−1) were detected by HPLC and an in-line scintillation counter.
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Fig. 2.
Time course of the phosphorylation of thymidine (A) and AZT (B) in isolated liver
mitochondria. Mitochondria were incubated as described in Section 2 with 1 μM [methyl-3H]-
thymidine (8000 dpm pmol−1) or 1 μM [methyl-3H]-AZT (8000 dpm pmol−1). Acid-soluble
extracts were separated by HPLC and detected by an in-line scintillation counter. Results shown
are the mean ± S.E.M. of three to four independent observations. For thymidine (A), the levels
of TMP, TDP, TTP, and total phosphorylated thymidine (all TNP) are depicted. For AZT (B),
AZTMP was the only phosphorylated form detected. This demonstrates that isolated liver
mitochondria readily produce TTP but do not synthesize detectable amounts of AZTTP during
the time frame of these experiments.

Lynx et al. Page 9

Biochem Pharmacol. Author manuscript; available in PMC 2006 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Kinetics of thymidine phosphorylation in isolated liver mitochondria. Michaelis–Menton plot
(A) of the velocity of thymidine phosphorylation, as determined in Fig. 2, against thymidine
concentration (0.4–200 μM). For thymidine concentration between 0.4 μM and 20 μM, the
specific radioactivity was 8000 dpm pmol−1, but thymidine concentrations of 40 μM, 80 μM,
and 200 μM had specific radioactivities of 5000 dpm pmol−1, 2500 dpm pmol−1, and 1000
dpm pmol−1, respectively, in order to conserve [methyl-3H]-thymidine. Data from four trials
were pooled and shown as the mean ± S.E.M. The Vmax and Km were calculated by best fit
using the Michaelis–Menton equation (Sigma Plot 9.01). Both are several fold higher than
those observed in isolated rat heart mitochondria [23]. Eadie–Hofstee plot (B) of the same data
with the velocity of thymidine phosphorylation is plotted against the velocity divided by the
thymidine concentration. An approximation of the data can be obtained with two straight lines,
yielding two affinity constants. Hill plot (B, inset) of the same data yields a Hill coefficient of
0.67.
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Fig. 4.
Kinetics of AZT phosphorylation in isolated liver mitochondria. Michaelis–Menton plot (A)
of the velocity of AZT phosphorylation as determined in Fig. 2 vs. the AZT concentration (0.4–
120 μM) is shown. For AZT concentration between 0.4 μM and 8 μM, the specific radioactivity
was 8000 dpm pmol−1, but AZT concentrations of 20 μM, 40 μM, 80 μM, and 200 μM had
specific radioactivities of 6500 dpm pmol−1, 3500 dpm pmol−1, 2000 dpm pmol−1, and 1200
dpm pmol−1, respectively, in order to conserve [methyl-3H]-AZT. Data from three trials were
pooled and expressed as the mean ± S.E.M. The best fit line for the Michaelis–Menton equation
(Sigma Plot 9.01) was used to calculate the Vmax and Km, which are three to four times higher
than those observed in isolated rat heart mitochondria [23]. Eadie–Hofstee plot (B) of the same
data with the velocity of AZT phosphorylation plotted against the velocity divided by the AZT
concentration. An approximation of the data can be obtained with two straight lines, yielding
two affinity constants. Hill plot (B, inset) is of the same data and yields a Hill coefficient of
0.76.
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Fig. 5.
Effect of AZT on thymidine phosphorylation in isolated liver mitochondria. Mitochondria were
incubated with 1 μM [methyl-3H]-thymidine (8000 dpm pmol−1) and unlabeled AZT in
concentrations varying from 0 μM to 200 μM. The acid-soluble extracts were separated by
HPLC and detected by an in-line scintillation counter. Data from four trials were pooled and
expressed as the mean ± S.E.M. The percentage of phosphorylation observed as compared to
the 0 μM AZT control sample (51.7 ± 10.1 μM) from each experiment is plotted against the
AZT concentration. AZT inhibits the phosphorylation of thymidine, with an IC50 of 14.4 ± 2.6
μM AZT, as determined by the best fit line of the hyperbolic decay equation (Sigma Plot 9.01).
These results mirror those seen in previous experiments with isolated heart mitochondria
[23], although with a slightly higher IC50.
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