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Metacavir (PNA) is a novel synthetic nucleoside analogue for the treatment of hepatitis B virus (HBV). Our
recent studies showed that PNA, a prodrug of 2�,3�-dideoxyguanosine (ddG), exhibited lower mitochondrial
toxicity in long-term cultures of HepG2 cells. In the current study, we examined the long-term effects of PNA
on mitochondrial toxicity in Marmota himalayana (Himalayan marmot). Himalayan marmots were treated
daily with oral PNA (50 or 100 mg/kg), ziduvidine (AZT) (100 mg/kg), or water (control) for 90 days. PNA
treatment did not alter the body weight or plasma lactate acid level. In livers from the animals treated with
PNA at 100 mg/kg/day, histopathology showed mild steatosis or small focal liver cell necrosis. Electron
microscopy also showed minor proliferation and partial mitochondrial swelling with crista reduction. Mea-
surement of respiratory chain complex enzyme activity and mitochondrial DNA (mtDNA) content revealed no
significant differences in skeletal muscle, liver, and kidney tissues between animals treated with PNA and
controls. In contrast, in Himalayan marmots treated with AZT we observed delayed toxicity, including lactic
acidosis, severe hepatic steatosis, obvious mitochondrial damage, and significant decreases in respiratory
chain complex enzyme activity and mtDNA content. This is similar to the delayed toxicity syndrome observed
previously in animals and humans. In summary, PNA treatment did not alter mitochondrial enzyme activity
or mtDNA content. This suggests that PNA could pose a very low risk for adverse mitochondrion-related effects.
However, long-term hepatotoxic effects of PNA were observed, and this indicates a need for continued moni-
toring of PNA-associated hepatotoxicity in clinical trials.

A variety of nucleoside analogues have been developed for
treatment of viral infections, including HIV and hepatitis B
virus (HBV), and for a subset of nucleoside analogues mito-
chondrial injury is associated with long-term therapy (8, 9, 39,
40). Clinical manifestations of mitochondrial toxicity include
various hematological disorders, peripheral neuropathy, skel-
etal and cardiac myopathy, pancreatitis, hepatic failure, and
lactic acidosis (1, 9–12, 20, 27, 28, 30, 32, 35). Previous studies
demonstrated that these adverse effects of nucleoside ana-
logues are directly associated with mitochondrial injury (16, 27,
28, 35). The mitochondrial injury assessments showed abnor-
mal mitochondrial morphology, depletion of mitochondrially
encoded enzymes, and decreased numbers of mitochondrial
genes (1, 12, 14). Mitochondrial disruption leads to energy loss,
electron leakage from the electron transport system, increased
concentrations of reactive oxygen species, oxidative damage,

and cellular redox state imbalances (i.e., increased NADH/
NAD� ratio), which reverses the pyruvate/lactate balance in
favor of increased lactate production (26, 37, 38).

In vivo and in vitro studies have demonstrated that liver and
skeletal muscle tissues are important targets for nucleoside
analogue-induced mitochondrial injury (3, 5, 6, 15, 17, 18, 20,
31). Altered liver, kidney, cardiac, and skeletal muscle func-
tions have also been observed in both humans and animals
chronically treated with nucleoside analogues (10, 12, 16, 18).
In both animals and humans, nucleoside analogue-induced
mitochondrial toxicity often has paralleled ultrastructural mi-
tochondrial damage (20, 22, 28, 33). Metacavir (PNA) is a
novel synthetic nucleoside analogue designed for the treatment
of chronic HBV infection (25). Preclinical studies have dem-
onstrated that it has a potential to be developed as a new
anti-HBV drug. We previously examined the effect of metaca-
vir in HepG2 cells maintained in culture and demonstrated
that PNA had minimal mitochondrial toxicity at a concentra-
tion of 250 �M when given for a duration of 15 days (42).

At present, a variety of mammalian hosts, including mouse,
rat, monkey, and woodchuck, have been used for the study of
the mitochondrial toxicity of nucleoside analogues (4, 13, 19,
22, 36). Among these animal models, the mouse and rat were
not susceptible to mitochondrial toxicity induced by nucleoside
analogues, making those systems less than ideal for mitochon-
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drial toxicity studies (4, 29, 33). The woodchuck is a more ideal
model system and has been recommended by the FDA for the
study of pathogenesis and therapy of chronic HBV infection
and disease in humans (4, 36). Likewise, many studies have
demonstrated that the results of nucleoside analogue drug
toxicity studies using the woodchucks are predictive for re-
sponses of patients in clinical treatment (19, 36). In this pres-
ent study, we used Marmota himalayana (Himalayan marmot)
as a new experimental animal model to explore the mitochon-
drial toxicity potential of metacavir.

MATERIALS AND METHODS

Drugs. Zidovudine (AZT) (lot no. 0801016) was purchased from the Shanghai
Modern Pharmaceutical Co., Ltd. Metacavir (PNA) (lot no. 20080201) was
provided by the Nanjing Chang’ao Medicinal and Pharmaceutical Co., Ltd.

Animal treatment. Prior to initiation of treatment, 24 Himalayan marmots (12
males and 12 females, 3 to 4 years old and 3.0 to 5.0 kg) were identified as
candidates based on 1 month of normal physical examinations. The animals were
divided into four groups of six Himalayan marmots, comprised of three male and
three female animals. All the marmots were housed in indoor pens constructed
from concrete blocks and given food and water ad libitum. During the study,
animals were individually housed in stainless-steel cages furnished with an
arched, galvanized, mailbox-like device with grill doors. Himalayan marmots
were dosed orally with a syringe and attached tube with PNA at 50 or 100
mg/kg/day for 90 days. As a positive control, a third group of Himalayan marmots
received 100 mg/kg/day of AZT. As a negative control, a fourth group of animals
was treated with water on the same schedule as the drug treatment. All animals
were maintained in ambient-temperature rooms (10 to 15°C) with a controlled
relative humidity of 40 to 60%. Lighting was controlled primarily with incandes-
cent illumination on a cycle corresponding to ambient light and was supple-
mented with natural daylight that radiated through glass windows. All animals
were handled strictly in accordance with institutional guidelines established at
Qinghai Experimental Animal Center and regulations issued by the Ministry of
Science and Technology of the People’s Republic of China for the humane
treatment of research animals. Animals were weighed monthly and evaluated for
general appearance, mobility, and pharmaco-toxic signs.

Necropsy. Complete necropsies were performed at the termination of the
dosing phase. Himalayan marmots were exsanguinated during anesthesia in-
duced by ketamine. Necropsy included a systematic gross examination of general
physical condition, body orifices, internal and external organs, and tissues. The
heart, liver, spleen, lung, kidneys, brain, adrenal glands, thymus, thyroid and
parathyroid glands, testes, uterus, and ovaries were removed and weighed. Tissue
samples from all organs examined were collected at necropsy, preserved in
neutral-buffered formalin, and shipped to an experimental pathology laboratory
for processing and histologic evaluation. Liver, kidney, skeletal muscle, and heart
samples were placed in labeled tubes and frozen at �70°C for subsequent
biochemical and molecular analysis.

Electron microscopy studies. Electron microscopic evaluation of the mito-
chondrial morphology of liver, kidney, skeletal muscle, and cardiac tissues was
performed as described previously (19). Briefly, collected tissue was cut into 1- to
2-mm slices and fixed in 4% paraformaldehyde with 2.0% glutaraldehyde in 100
mM phosphate buffer (pH 7.4) at 4°C for 24 h. The tissues were rinsed in cold
phosphate-buffered saline (PBS) and postfixed in 1% OsO4 (Sigma Chemical
Co.) in PBS (pH 7.4) for 1 h at room temperature. After OsO4 treatment, the
tissue was dehydrated with a series of graded alcohol washes from 50% to 100%
followed by 100% propylene oxide. The tissues were then infiltrated in equal
volumes of propylene oxide and epoxy resin and embedded in pure epoxy resin.
Samples were sectioned (100 nm) with an ultramicrotome and stained with lead
citrate and uranyl acetate, and images were randomly captured from different
areas using an electron microscope (Tecnai 12; Philips). For each sample, 10
photomicrographs were evaluated for mitochondrial morphology.

Enzyme assays. Mitochondrial extracts were obtained using a Genmed animal
tissue active mitochondrial extraction kit (Genmed Scientifics Inc.) according to
manufacturer’s instructions. Briefly, about 500 mg of tissue was homogenized
with a glass homogenizer and centrifuged twice at 1,500 � g for 10 min at 4°C.
The supernatant was removed and centrifuged at 10,000 � g for 10 min. The
pelleted material (mitochondria) was washed three times, resuspended in 10 mM
Tris-HCl (pH 7.4) containing 10 mM KCl, 0.25 M sucrose, and 5 mM MgCl2, and
stored at �70°C. Protein concentrations were measured using a bicinchoninic
acid (BCA) protein assay kit (Genmed Scientifics Inc.) as described by Bradford

(7). Mitochondrial respiratory chain complex I-IV enzyme activity was assayed
using a Genmed quantitative detection kit according to manufacturer’s instruc-
tions but modified to allow a 96-well plate format (Genmed Scientifics Inc.) (42).

DNA preparation and quantitation. Total DNA was extracted from tissues
with the QIAamp DNA minikit according to the manufacturer’s instructions
(Qiagen, Valencia, CA). Briefly, tissues were washed at room temperature with
100 mM PBS (pH 7.4), sliced into small pieces, lysed with Qiagen ATL buffer,
and digested with proteinase K and RNase A. The DNA was separated using
spin columns provided with the kit, subsequently extracted with elution buffer (10
mM Tris [pH 7.4] containing 1 mM EDTA), and stored at �70°C until further
analysis. The quality and quantity of DNA were determined spectrophotometri-
cally by absorbance at 260 nm. Nuclear (actin) and mitochondrial (cytochrome b)
genes were amplified in duplicate using a real-time PCR assay with the Light
Cycler-Fast Start DNA Master SYBR green I kit (Takara Bio Inc., Dalian,
China). DNA was eluted in 100 �l of distilled water and diluted 1:200 with
distilled water. Forward and reverse cytochrome b and actin primer sequences
were designed using the primer design software Primer 5.0 (primer sequences are
available on request). All primers were synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China). Premix real-time PCR reagent was purchased from Takara
Bio Inc. (Dalian, China). Amplification was performed with an iQ5 Bio-Rad
Cyclers real-time PCR detector system (Bio-Rad) in a 25-�l reaction mixture
containing 1 �1 DNA, 0.8 �1 Master SYBR green mix (Takara Bio Inc.), and 200
nM each primer. The thermal profile included denaturation at 95°C for 10 min
followed by 45 cycles at 95°C for 10 s, 55°C for 5 s, and 72°C for 10 s. Following
amplification, a melting curve analysis was performed to confirm the specificity
of the reaction. The product size was confirmed by 2% agarose gel electropho-
resis. The threshold cycle (CT) value for each sample was calculated by deter-
mining the point at which the fluorescence exceeded the threshold limit. Two
recombinant plasmids, containing one copy of the cytochrome b and actin target
sequences, were used as a standard for mitochondrial DNA (mtDNA) and
nuclear DNA quantification. Results are expressed as the number of copies of
mtDNA per cell.

Statistical analysis. All data were first subjected to tests for normality and
equal variance and then analyzed by one-way analysis of variance (ANOVA).
The data are presented as the mean � standard error. When significance was
found by ANOVA, the Holm-Sidak test was used to determine which treated
groups were significantly different from the unexposed group. Differences were
considered significant if the P value was �0.05.

RESULTS

Macroscopic examination. Metacavir (PNA) and AZT were
administered orally to Himalayan marmots for 90 days. At
termination of the dosing period, there were no differences
between body weights or body weight gains of the PNA-treated
animals and the control animals (Fig. 1). Remarkably, Hima-
layan marmots in the AZT-treated group showed more body

FIG. 1. Relative body weight gain from the baseline in Himalayan
marmots after 90 days of treatment with metacavir (PNA), zidovudine
(AZT), or water. Data are expressed as means � standard deviations.
No significant weight gains were observed between the treated groups
and the control group (n � 6 [3 male and 3 female]).
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weight gain than those in the control group after 30 days of
treatment. After 60 days of treatment, the AZT group showed
less weight gain than the controls. At the termination of the
dosing phase (90 days of treatment), the mean body weight of
the AZT-treated animals was 15% lower than that of control
animals. For all groups, no treatment-related effects on overall
body condition, mobility, and behavior were observed at the
end of treatment.

Following 90 days of exposure, treatment-related effects
were present in the hearts, spleens, thymuses, kidneys, and
livers of Himalayan marmots treated with AZT at 100 mg/kg/
day (Fig. 2). Spleen and thymus weights of the AZT-treated
group were significantly lower than those of the control group
(P � 0.05). Thymic atrophy in the control group was more
severe than splenic atrophy in the AZT-treated group. Re-
markably, the relative liver weights in the AZT-treated group
were about 2-fold higher than those in the control group.
Furthermore, mean heart and kidney weight/body weight ra-
tios in the AZT treatment group were significantly higher than
those in the control group (P � 0.05). Plasma lactate concen-
trations in PNA-treated animals were similar to the lactate
concentrations in the control animals during and at the end of
the dosing phase (Fig. 3). In the AZT group, however, serum
lactate concentrations continued to increase during the 90-day
treatment and were significantly higher than those of control
animals (P � 0.01) after 60 days of treatment, suggesting the
development of lactic acidosis.

Histologic findings. Histologic examination of the liver re-
vealed that more than 80% of the hepatocytes from the AZT-
treated group had severe macrovesicular steatosis (Fig. 4), as
observed in patients treated with nucleoside analogue reverse
transcriptase inhibitors (NRTIs) (20). Additional small lobular
necrosis and centrolobular cholestasis were present in four of
six animals from this group. Mild steatosis (occasional vacuoles
of steatosis) was also observed in the animals treated with PNA
at 100 mg/kg/day. In two of the six Himalayan marmots treated
with PNA at 100 mg/kg/day, small focal liver cell necrosis and
unclear hepatic lobule structures were also observed at the
termination of treatment. However, with the exception of liver,
there were no additional histologic differences observed in
other tissues between the control and treated groups. No ob-

vious histopathologic alterations were observed in tissues from
control and 50 mg/kg/day PNA-treated animals.

Electron microscopic examination. Electron microscopic
evaluation of cardiac and skeletal muscle, liver, and kidney
mitochondrial morphology was performed at the termination
of the dosing phase. Ultrastructural findings are illustrated in
Fig. 5, 6, 7, and 8. Marked ultrastructural differences between
the AZT-treated and control Himalayan marmot cardiac mus-
cle, skeletal muscle, kidney, and liver mitochondria were ob-
served. Cardiac and skeletal muscle samples from AZT-treated
Himalayan marmots revealed mitochondrial proliferation, mi-
tochondrial swelling with loss of cristae, sarcomere disruption
(Z-line and M-line irregularities), partial or complete erosion
of mitochondrial membranes, and replacement of cristae with
clear space. Significant mitochondrial damage observed in liver
from AZT-treated Himalayan marmots was typified by severe
mitochondrial enlargement, fragmented and missing cristae,
presence of crystalline inclusions, lower matrix electron den-
sity, and swollen mitochondrial membranes compared with
that of control animals. In kidney mitochondria of AZT-
treated animals, conspicuous swelling, dissolution of cristae,

FIG. 2. Relative organ weights of Himalayan marmots treated with metacavir (PNA), zidovudine (AZT), or water for 90 Days. Results are
expressed as means � standard deviations. �, P � 0.05; ��, P � 0.01 (compared to results for controls, by Dunnett’s multiple-comparison test).

FIG. 3. Mean serum lactate acid concentrations in Himalayan mar-
mots treated with metacavir (PNA), zidovudine (AZT), or water for 90
days. Results are expressed as means � standard deviations. ��, P �
0.01 compared to results for controls (by Dunnett’s multiple-compar-
ison test).
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and homogenization and decreased density of the matrix also
were observed. In all of these tissues from the AZT-treated
animals, fat droplet accumulation was present. Conversely,
there were no obvious mitochondrial morphological changes in cardiac muscle, skeletal muscle, kidney, and liver from control

and 50 mg/kg/day PNA-treated animals. Mitochondrial cristae
from these tissues were dense and clear, and mitochondrial
membranes were intact. It is noteworthy that minor prolifera-
tion and partial mitochondrial swelling with reduction of cris-
tae were observed in skeletal muscle and liver from the group
treated with PNA at 100 mg/kg/day.

Enzyme assay. Mitochondrial respiratory chain complex en-
zyme levels were measured in extracts from liver, kidney, skel-
etal, and cardiac muscle tissues obtained from Himalayan mar-
mots treated with PNA for 90 days (Fig. 9). No significant
differences were observed between the enzyme levels from the
PNA treatment groups and control groups. Interestingly, en-
zyme levels in tissue extracts from the group treated with PNA
at 100 mg/kg/day trended lower than those in the group treated
with the 50 mg/kg, but this difference was not statistically sig-
nificant. However, statistically significant differences (P � 0.05
or P � 0.01) were observed between respiratory chain complex
enzyme levels in skeletal muscle and liver tissues obtained
from AZT-treated animals and those in tissues from control
animals. In addition, mitochondrial respiratory chain complex
enzyme levels were statistically different (P � 0.01) between
cardiac muscle samples from control and AZT-treated ani-
mals. In skeletal muscle, significant differences in mitochon-
drial respiratory chain complex enzymes II, III, and IV were
observed between the AZT-treated group and the control
group (P � 0.01 or P � 0.05). In liver, mitochondrial respira-
tory chain complex enzymes I, II, and IV in the AZT-treated
group were significantly affected compared with those in con-

FIG. 4. Histopathologic examination of liver steatosis in Himala-
yan marmots treated with metacavir (PNA), zidovudine (AZT), or
water for 90 days (hematoxylin and eosin [H&E] staining; magnifica-
tion, �400). (A) Control group (normal). (B) Group treated with AZT
at 100 mg/kg/day, showing severe microvesicular steatosis of more than
90% hepatocytes. (C) Group treated with PNA at 100 mg/kg/day,
showing mild steatosis of fewer than 20% of hepatocytes. (D) Group
treated with PNA at 50 mg/kg/day (normal).

FIG. 5. Representative electron photomicrographs of cardiac muscle
from Himalayan marmots treated with metacavir (PNA), zidovudine
(AZT), or water for 90 days. (A) AZT; (B) PNA at 100 mg/kg/day;
(C) PNA at 50 mg/kg/day; (D) control. Bars show 1 �m. Ultrastructural
features include registered sarcomeres with thick and thin filaments and
mitochondria. Severe distortion of mitochondrial internal architecture
with swelling, disruption of mitochondrial membranes and lysis of mito-
chondrial cristae, and sarcomere disruption (Z-line and M-line irregular-
ities) are observed in the AZT-treated group. Conversely, no obvious
mitochondrial morphological changes are observed in the PNA-treated
and control groups. Original magnification, �18,500.

FIG. 6. Representative electron photomicrographs of skeletal mus-
cle from Himalayan marmots treated with metacavir (PNA), zidovu-
dine (AZT), or water for 90 days. (A) AZT; (B) PNA at 100 mg/kg/
day; (C) PNA at 50 mg/kg/day; (D) control. Bars show 1 �m.
Ultrastructural features include registered sarcomeres with thick and
thin filaments and mitochondria. Swelling of mitochondria, giant mi-
tochondria, disruption of mitochondrial membranes, and sarcomere
disruptions with Z-line misalignment are observed in the AZT-treated
group. Conversely, no obvious mitochondrial morphological changes
are observed in the PNA-treated and control groups. Original magni-
fication, �18,500. In each sample, more than 10 fields were examined
under low or high magnification.
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trol groups (P � 0.01 or P � 0.05). In the kidney, with the
exception of reduced mitochondrial respiratory chain complex
enzyme II (P � 0.05), there were no differences between the
AZT-treated group and control group in terms of the observed
mitochondrial respiratory chain complex enzymes.

Measurement of mtDNA content in tissues. As a criterion
for measurement of mtDNA content and mtDNA damage, the
cytochrome b/actin ratio in DNA extracts from cardiac and
skeletal muscle, liver, and kidney from treated and control
Himalayan marmots was measured (Fig. 10). Generally, the
mtDNA contents in cardiac and skeletal muscle, liver, and
kidney were similar in the control and PNA-treated groups.
However, the mtDNA contents for all tissues in the group
treated with PNA at 100 mg/kg/day were less than those for
control or 50 mg/kg/day PNA-treated animals. Conversely, in
cardiac and skeletal muscle, significant differences in mtDNA
content were observed between the AZT-treated group and
the control group (P � 0.01). The mtDNA content in liver
tissues from the AZT-treated group also was significantly
lower than that in the control group (P � 0.05). In kidney
tissues, there was a minor decrease in mtDNA content in the
AZT-treated group compared with the control group, but this
difference was not statistically significant.

DISCUSSION

Using the Himalayan marmot animal model, we have inves-
tigated the effects induced by a 90-day PNA treatment on
mitochondrial respiratory chain complex enzyme activities, mi-

tochondrial DNA content, plasma lactate concentrations, his-
tology, and mitochondrial morphology. Referring to the time
required to produce mitochondrial toxicity in woodchucks
(Marmota monax) with fialuridine treatment (33, 36), the dos-
ing period of 90 days is sufficient to induce clinical mitochon-
drial toxicity in Himalayan marmots. The measured mitochon-
drial parameters in cardiac and skeletal muscle, livers, and
kidneys were not statistically different between the PNA-
treated and control animals. There was a tendency for a small
decrease in mtDNA content and enzyme levels in all tissues
examined from the animals treated with PNA at 100 mg/kg/day
compared with the control group, but these differences were
not statistically significant. Our preclinical studies showed that
hepatic tissue was the predominant target of PNA toxicity in
rats, consistent with the present findings of increased liver/
body weight ratio in the animals treated with PNA at 100
mg/kg/day. Histologic examination and electron microscopy
studies also provided an indication of hepatotoxic effects with
PNA treatment at the 100-mg/kg/day dose. These observations
may in part explain why PNA toxicity was observed predomi-
nantly in the livers of rats in the preclinical studies. Therefore,
more attention should be paid to potential mitochondrial hep-
atotoxicity induced by PNA in clinical trials.

Conversely, AZT did increase serum plasma lactate levels
after 60 days of treatment compared with those at the start of
treatment or in the control group. After 3 months of treatment,
AZT altered mitochondrial respiratory chain complex enzyme
activities, mitochondrial DNA contents, histologic and mito-
chondrial morphologies, and plasma lactate concentrations
compared with those in the control group. Based on plasma

FIG. 7. Representative electron photomicrographs of liver biopsy
specimens from Himalayan marmots treated with metacavir (PNA),
zidovudine (AZT), or water at the termination of the 90-day dosing
phase. (A) AZT; (B) PNA at 100 mg/kg/day; (C) PNA at 50 mg/kg/day;
(D) control. Bars show 1 �m. Mitochondrial inclusions and alterations,
such as loss of the cristae and a crystalline inclusion, were observed in
the AZT-treated group. Conversely, no obvious mitochondrial cytopa-
thy is observed in the PNA-treated and control group. Original mag-
nification, �18,500. In each sample, more than 10 fields were exam-
ined under low or high magnification.

FIG. 8. Representative electron photomicrographs of kidney bi-
opsy specimens from Himalayan marmots treated with metacavir
(PNA), zidovudine (AZT), or water at the termination of the 90-day
dosing phase. (A) AZT; (B) PNA at 100 mg/kg/day; (C) PNA at 50
mg/kg/day; (D) control. Bars show 1 �m. Mitochondrial cytopathy with
partial loss of the cristae was observed in the AZT-treated group.
Conversely, no obvious mitochondrial cytopathy is observed in the
PNA-treated and control groups. Original magnification, �18,500. In
each sample, more than 10 fields were examined under low or high
magnification.

1934 ZHANG ET AL. ANTIMICROB. AGENTS CHEMOTHER.



lactate concentrations, measurement of mtDNA and respira-
tory chain complex enzyme levels, histologic alterations, and
mitochondrial morphology changes, there was marked evi-
dence of clinical toxicity in Himalayan marmots treated by oral
administration (for 90 days) with AZT at 100 mg/kg/day. These
results are similar to previous reports of AZT toxicity in clin-
ical patients (12, 13, 16–18).

A limitation of this study is the absence of a recovery
phase, so we did not explore the reversibility of the adverse
effects induced by PNA treatment with drug withdrawal in
this new animal model. However, in animal and human
studies, mitochondrial injury sufficient to cause injury to
cells and clinical toxicity requires an mtDNA reduction of
greater than 70% (14, 29, 40). Therefore, the less than 10%

reduction of mtDNA content observed in the animals
treated with PNA at 100 mg/kg/day might not induce signif-
icant mitochondrial injury. Compared with the adverse ef-
fect induced by AZT, the extent of the hepatic effect of PNA
at 100 mg/kg/day was much lower, because this group main-
tained more than 90% of the control levels of mtDNA.
Therefore, we propose that these mild injuries induced by
the highest dose of PNA should be reversible with drug
withdrawal, as observed in rhesus monkey (41).

AZT is a well-known inhibitor of human immunodeficiency
viruses (1, 2). Several clinical studies have demonstrated that
AZT induces significant mitochondrial toxicity with long-term
therapy (1, 12, 16–18, 22–24, 34). However, Korba et al. did not
find obvious treatment-related hematological or serological in-
dications of toxicity, including drug-related hepatic toxicity
(based on alanine aminotransferase [ALT], aspartate transam-
inase [AST], and sodium dehydrogenase [SDH] levels) in
woodchucks (Marmota monax) treated with AZT at 15 mg/kg/
day for 28 days (21). This discrepancy could be related to the
short-term, low-dose treatment or to sensitivity of the species
to the toxicity. Notably, our current data showed that the
toxicity profiles of AZT used in Himalayan marmots were very
similar to those observed in patients treated with this nucleo-
side. This difference might correlate with the relative sensitivity
of this animal species to mitochondrial toxicity (29).

In a previous study with rhesus monkeys, intravenous ad-
ministration of PNA at the dose of 120 mg/kg/day resulted in
moderate mitochondrial injury, which was most prominent in
mtDNA content and mitochondrial morphology in skeletal
muscle and liver after 90 days of treatment (41). The lack of a
significant mitochondrial toxicity after exposure to PNA at 100
mg/kg/day in Himalayan marmots in our study may be ex-
plained by the different administration method and the rela-
tively lower dose. Furthermore, species differences in PNA

FIG. 9. Enzyme activities of mitochondrial respiratory chain complexes I to IV in cardiac and skeletal muscle, liver, and kidney of Himalayan
marmots treated with metacavir (PNA), zidovudine (AZT), or water for 90 days. Mitochondria were then extracted as described in Materials and
Methods. Results are expressed as means � standard deviations. *, P � 0.05; **, P � 0.01 (compared to results for controls, by Dunnett’s
multiple-comparison test).

FIG. 10. mtDNA contents in cardiac and skeletal muscle, liver, and
kidney of Himalayan marmots treated with metacavir (PNA), zidovu-
dine (AZT), or water for 90 days. The ratios of mtDNA to nuclear
DNA were determined by real-time PCR as described in Materials and
Methods. Results are expressed as means � standard deviations. *,
P � 0.05; **, P � 0.01 (compared to results for controls, by Dunnett’s
multiple-comparison test).
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absorption, metabolism, and distribution may contribute to the
differences in mitochondrial toxicity.

In summary, our results indicate that the mitochondrial
damage induced by PNA in Himalayan marmots at doses 50
times the recommended human dose over a period of 90 days
was very moderate compared with that induced by AZT (50
mg/kg/day). Our results suggest that PNA could pose a very
low risk for potential mitochondrion-related effects in clinical
trials. However, continued attention is required for the assess-
ment of potential PNA-associated hepatotoxicity. Further
studies exploring the mitochondrial toxicity of PNA are re-
quired to determine the mechanisms of mitochondrial insult
and whether the combination of PNA with other nucleoside
analogue drugs results in increased toxicity.
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