Mitochondrial toxicity of
antiviral drugs

Long-term treatment with antiviral nucleoside analogue drugs, such as AZT, can give rise
to delayed and at times severe mitochondrial toxicity. Although these toxic effects are
manifest in many tissues, a common disease mechanism can explain the diverse clinical

events. A better understanding of these disorders will shed light on genetic
mitochondrial diseases and lead to the design of safer and more effective antiviral drugs.

Mitochondrial diseases are multisystem disor-
ders with unique genetics. Changes in mito-
chondrial structure, function and molecular bi-
ogy occur in a very diverse group of disorders
ncluding viral infections, diabetes mellitus, heart disease,
Parkinson’s disease and even the biologic process of ageing'”.
Recently, clinical and experimental events in mitochondrial
. toxicity caused by antiviral nucleoside analogues (ANAs) were
found Lo resemble those of genetic mitochondrial diseases.

The ANA acyclovir was the archetypal nucleoside analogue
for the treatment of herpes virus infections with minimal
toxicity’. Other ANAs, some of which are used to treat human
immunedeficiency virus type 1 (HIV-1) and hepatitis B virus
(HBV) infection, include zidovudine (AZT), zalcitabine (ddC),
didanosine (ddl), stavudine (D4T), and 2'-deoxy-3'-
thiacytidine (3TC)™.
| In structure, ANAs resemble natural nucleotide bases that
| serve as the building blocks in DNA. The pharmacologic
effectiveness of ANAs depends upon their relatively selective
interference with viral DNA replication in the absence of
significant toxicity to cellular DNA replication in the patient.
Toxicity occurs when cellular DNA polymerases are inhibited
and the subcellular toxic target is frequently the mitochondnal
DNA polymerase (DNA pol-y) in selected tissues,

Although short-term ANA therapy appears to be relatively
safe, long-term therapy has revealed unique toxic effects on
oxidative phosphorylation in various tissues. Features of this
toxicity suggest that defective mitochondrial DNA (mtDNA)
replication may be the common event. These features resemble
those that occur in genetic mitochondrial diseases and include
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acidosis, exocrine pancreas failure, liver failure
_and bone marrow Tailure-". | The clearest exam-
“ple is AZT mitochondrial myugathy,’_mth a

prevalence of of up to 20% in leng-term AZT.
_treated AIDS patients_Manifestations of the disorder relate to

" defective mitochondrial gene expression and to ANA triphos-
phates’ (ANATP's) inhibition of mitochondrial DNA pol-y in
the target tissues . Recent experiencc with the flucrinated
ANA fialurdine [FIAU, 1-(2'-decxy-2'-fluoro-p-D-arabinofura-
nosyl)-S-iodouridine] have further dampened expectations for
the long-term safety of ANA treatments. FIAU yielded serious
toxicity and was linked to several deaths in an aborted clinical
trial for chronic hepatitis B virus (HBV). Toxic manifestations
of the FIAU treatment included profound lactic acidosis, he-
patic failure, fat accumulation in the liver, coma, skeletal and
cardiac myopathy, pancreatitis and peripheral neuropathy™".
In spite of the established effectiveness of ANAs in AIDS,
enthusiasm ha'l_“a-lm:ﬂiihﬂd _because long-termn therapy causes
Eﬂﬁ_urgan side-effects to striated muscle’, peripheral nerves®,

] e

mlmchndnal rn:,rnpalh}' cardlnmynpamy, neuropathy, lactic

Fig. 1 Phosphorylation of thymidine analogue ANAs, ANA phosphorylation occurs intracellularly and
thymidine kinase (1) is the enzyme responsible for the first anabaelic phosphorylation to ANAMPs.
AMAMPs are phasphorylated by thymidylate kinase (2) to ANADPs and these in turn are phosphorylated

to ANATPs by nucleaside diphesphate kinase (3) or other enzymes.
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_pancreas”, fiver™ and hearl:" In some cases, reversal of
s}rmptnms corresponds_fo cessation of therapy; in_others,

“toxicity persists. In this review we present evidence that ANA-
Snduced inhibition of mitochondrial DNA poly partially

explains the pathophysiologic changes to mtDNA replication.
The potential impact of ANA mitochondrial toxicity in viral
infections other than HIV may be formidable given their wide-
spread use. For example, chronic hepatitis due to HBV (which
afflicts approximately 250 million people worldwide) is cur-
rently treated with the ANA 3TC in clinical studies (ref. 17).
_ANA-induced mitochondrial toxicity offers insights into the
“mechanisms of mitochondrial and genetic diseases. Studies
using ANAs in animal models
explain normal and abnormal
mitochondrial function.

Cellular metabolism of ANAs
Nucleoside kinases are en-
rymes responsible for the in-
tracellular activation of ANAS.
Activation is accomplished
using the same enzymes that
phosphorylate the natural -
bonucleosides and deoxyn-
bonucleosides of RNA and
DNA". AZT, ddC and FIAU are
phosphorylated by cellular |
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thymudine Kinase (TK); (Fig. 1, Step (1)), In mammals, two tissue-
specific forms of TK exist: TK1 is cytosolic, with low activity in
skeletal muscle, and TK2 is mitochondrial, with higher activity
in muscle”. The tissue distribution of these two forms of TK
may relate to the selective toxicity of some ANAs. After
monophosphorvlation, ANAs are phosphorylated by other cel-
lular enzymes, to ANATPs (Fig. 1, Steps (2) and (3)) where they
function as inhibitors of viral DNA polymerases by competing
with the natural substrates or by leading to chain termination
of viral DNA,

Effect Of ANAs on mitochondria

Interactions with DNA polymerases. On a structural basis,
ANATPs could inhibit mammalian nuclear DNA polymerases
(DNA pol-a, DNA pol-B, DNA poi-5, and DNA pol-e) and DNA
pol-y used for mtDNA replication. Both the mechanisms for
DNA polymerization and the choice of nucleotide substrates
are similar among eukaryotic DNA polymerases, and some
ANATPs have been shown to inhibit nuclear DNA pols m
vitro™™. However, neither clinical nor laboratory evidence
support inhibition of nuclear DNA polymerases by ANATPs,
whereas it strongly suggests that ANATPs do inhibit the
mitochondrial DNA pol-y, This relatively selective polymerase
inhibition may in part explain ANA toxicity to mtDNA
replication.

Role of DNA pol-y. One important clinical and experimental
observation in some ANA toxicities is a decreased steady-state
mtDNA abundance. This may relate to the function of DNA pol-
v, a nuclear-encoded DNA polymerase for mtDNA replication®.
The polymerase function of DNA pol-y is fundamental, but an as-
sociated 3’5" exonuclease is also present. DNA pol-y is processive.
Processivity allows each DNA pol-y molecule to replicate each
mtDNA molecule to completion after one initiation event.

Inhibitars like
FIAUTP

Inhibitors like
AZTTP

Fig. 2 Proposed mechanism of ANA toxicity to mtDNA (small double circle), with attached
DNA pol-y (in block) in which ANATPs serve as inhibitors of mtDNA replication. a, Enlarged
view of interaction of mtDNA with DNA pol-y. Incorporation of ANAs into mtDNA as alter-
nate substrates for DNA pol-y. FIAUTP serves as an alternate substrate for thymidine triphos-

Processivity of DNA pol-y may also relate to heteropiasmy {(an
intracellular mix of normal and mutant mtDNA molecules)=,
Since DNA pol-y is processive, mtDNA deletion mutants !
(shortened mtDNA) may be replicated more quickly than
native mtDNA. As a result, the proportion of mtDNA mutants
may increase and yield functional changes beyond a certain
threshold. In some ways, analogies exist between this
mechanism of ANA toxicity (as with AZT therapy) and
accumulated mtDNA deletions seen in heritable mitochondrial
illnesses™.

ANA toxicity and its relationship to ANA structure. ANA
toxicity can be classified based on ANA chemical structure and
fundamental chemical properties. In one case, phosphorylated
ANAs could be internalized into nascent mtDNA by their sub-
stitution for the natural base. In another, mtDNA chain termi-
nation could be pivotal™ (Fig. 2).

The first form of inhibition (represented by ANAs like FIAU),
involves ANA incorporation at internucleotide linkages, with,
for example, fialuridine substituting for the natural base,
thymidine (Fig. 2a). ANATPs (like FIAUTP) that contain 3'-
hydroxyl groups (3'-OHs) serve as competitive, alternate sub-
strates for DNA pol-y in mtDNA synthesis (by substituting for
thymidine triphosphate). The 3’-OH on members of this class
of ANAs enables DNA pol-y to extend the mtDNA chain after
the ANA is incorporated into mtDNA. No mitochondrial
postreplicational repair mechanism exists to remove the inter-
nally incorporated ANA, and as a result, mtDNA damage is
essentially permanent. Moreover, changes in mtDNA caused
by fialuridine incorporation could lead to alterations in mi-
tochondrial transcription and ultimately to defective mito-
chondrial polypeptide synthesis.

In the second case, ANATPs (like AZTTP) also compete with
natural thymidine triphosphate at the nucleotide binding site
of DNA pol-y (as above). However, their
incorporation into mtDNA terminates
nascent —mtDNA  non-competitively,
because they lack the 3'-OH group
necessary for mnascent mtDNA chain
extension with a new base (Fig. 2b). This
correlates mechanistically with mixed
inhibition  (competitive and  non-
competitive inhibition™) of DNA pol-y by
AZTTP in vitro. It foilows that reversibility !
of ANA toxicity may be possible if the toxic
ANA can be removed from the mtDNA
terminus (possibly by the exonuclease
associated with DNA pol-y).

Clinical manifestations of ANA toxicity

It is self-evident that ANAs, like all dougs,
have side-effects. However, the prevalent
and at times serious ANA mitochondnal

toxic side-effects are particularly broad
ranging with respect to their tissue target

"and mechanisms of toxicity.

i

phate with DNA pol-y and is incorporated (inserted into mtDNA as F) into the nascent A

chain because it possesses a 3-OH group. The nascent mtDNA can be extended beyond
the inserted FIAU. b, In contrast, ANATPs (like AZTTP) that lack a 3'-OH also compete with
thymidine triphosphate as substrates of DNA pol-v. The latter ANAs terminate mtDNA syn-
thesis (inserted into DNA as Z) because bases cannot be added to the nascent chain after

AZT is inserted.

413

Haematologic toxicity. The most com-
mon side effect of AZT is haematologic tox-

icity, occurring in up to 21 atienfs™ >
The clinical importance of this E%

relates to the fact that it limits AZT the:-
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spy. Clinical manifestations of AZT haematologic taxicity in-
| clude anaemia, leukopenia, thrombocytopenia and bone mar-
row suppression. AZT produces significant loss of haematopoi-

~ etic precursors in the peripheral blood before affecting bone
marrow itself. This toxicity is attributed to inhibition of cellular

DNA polymerases®, (possibly DNA pol-y') or to depletion of
thymidine. Effects
of AZT on bone marrow cultures include time- and dose-
dependent inhibition of marrow precursors”,

Clinical trials used recombinant human erythropoetin (r-
HuEPQ) to treat the anaemia associated with HIV infection and
AZT therapy™. In immunosuppressed mice, AZT-induced eryth-
roid toxicity was ameliorated by hemin and stem factor” and
| 2',3"-dideoxythymidine reversed AZT-induced bone marrow
toxicity™. AZT-induced perturbation of deoxyribonucleotide
pools suggests the use of benzylacyclouridine to reverse AZT
haematotoxicity™.

Analogies exist between AZT myelotoxicity and one heritable
mtDNA illness. Mitochondrial deletions and bone marrow fail-
ure are main components of Pearson’s marrow-pancreas syn-
drome™. It should be noted also that an important manifesta-
tion of didanosine (ddl) toxicity is acute pancreatitis; exocrine
| pancreas dysfunction is part of Pearson’s syndrome.

Myopathy r AZT is the aetiologic agent in a skeletal
myopathy 1rT£I_D_S‘Tﬁ' E myOpathy presents with fatigue, myal-
gia, musﬂﬂ weakitess, wasting and elevated serum creatine ki-
nase . We reported that zidovudine induces a mitochondrial
_rn“ﬁ:rpathy with “ragged red fibres"™* seen microscopically (Fig;
3). Ragged red fibres are characteristic histopathologic :hangﬂ%
in the skeletal muscle of patients with mitochondrial myo-
pathies and result from subsarcolemmal accumulation of mito
chondria. By transmission electron microscopy the mitochon
dria are enlarged and swollen, contain disrupted cristae, and
paracrystalline inclusions (Fig. 4)™".

Biochemical assays performed on muscle homogenates re!

veal abnormal mitochondrial respiratory function. Enzyme his;

mitochondrial I’-un{tinn:l is seen in the blood of patients with
AZT-myopathy®. Assessment of muscle metabolism in vivo

using magnetic resonance spectroscopy shows maﬂ..ed. __F'hEIS-

_phocreatine depletmn wﬂh slow recovery only in AZT- treatnd

tochemical analysis of patients’ muscle biopsies shows partia
deficiency of cytochrome ¢ oxidase activity™" (complex IV}
and a high lactate/pyruvate ratio (consistent with abnormal

Fig. 3_Cross section of a snap-frozen muscle biopsy from a patient

with muscle weakness, myalgia and fatique after 8 months of AZT-
therapy, MNote several "raaaed-red" fibres with subsarcolemmal
cracks shown to be due to mitochondrial myopathy and mtDNA de-
pletion. A lew degenerated fibres are nated. The tiny vacuoles in a
few fibres represent accumulated fat. Trichrome stain (x 320).
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HIV-positive_patients". This suggests impaired oxidative |
metabolism as a resum-induced'al;gl}t:il_'mq[qies in mito-
chondria. o
Because of mitochondrial dysfunction in AZT-induced myo-
pathy, long-chain fatty acids may be mobilized ineffectively for
p-oxidation. Consequently, fat accumulates intracellularly and
can be seen histopathologically™ (Fig. 5). Muscle biopsies from
AZT.myopathy patients contain decreased d mtDNA”, and this
correlates with decreased mtDNA, mtRNA, polypeptide s;mthw
sis and altered histochemistry and ultrastructure in animal sys- |

tems**”, These morphological, functional and molecular

changes are, huwever_g_glm_m_%Zan_L mynpathic AIDS
patients’ muscle samples™ """, The pathological changes in
AZT-induced myopathy are reversed when AZT treatment is
discontinued and clinical improvement accompanies these his-
‘tological improvements and reversal*”. Pathologic and clinical
reversibility of AZT myopathy is consistent with AZT terminat-
ing nascent mtDNA (Fig. 2b)".

AZT myopathy develops slowly after at least 6 mmonths of
therapy and occurs in up to 17% of AZT-treated patients”. It
occurs not only with the high-dose therapy but with current

w-dose regi s. In pa.ediamc pnpulanﬂns with AIDS, AZT

myopathy is less frequently recognized and may be masked by
coexistent encephalopathy”.
" Experimental evidence in non-HIV-infected tissues supports
the myotoxicity of AZT. In various human cell lines, AZT expo-
sure causes a reduction in mtDNA abundance and gives rise to
abnormal mitochondria with extensive lipid accumulation in
human myotubes™**. Rats treated with AZT develop ultra-
structural abnormalities in their skeletal and cardiac muscle
mitochondria associated with depression of muscle mtDNA
and mitochondrial polypeptide synthesis, impaired cyto-
chrome ¢ reductase and an uncoupling effect’™™**,

Cardiotoxicity. Dilated cardiomyopathy related to AZT or other
antiretroviral therapy was reported in AIDS patients. Cessation
of the presumed toxic ANA therapy resulted in
improved left ventricular function on echocardiographic exami-
nations®. AZT cardiomyopathy occurs after prolonged treatment
and includes congestive heart failure, left ventricle dilation and
reduced ejection fractions. Endomyocardial biopsies show in-
tramyocytic vacuoles, myofibrillar loss, dilated sarcoplasmic
reticulum and mitochondrial cristae disruption™. In AZT-treated
paediatric AIDS patienits, it has been reported that impaired car-
diac function was not attributed to AZT therapy™'. AZT-skeletal
myopathy is also uncommon in children with AIDS".

Hepatic toxicity. Hepatic toxicity of AZT, ddl and ddC was re-
ported recently'* and may relate to ANA toxic effects on
liver mitochondria. Fatal hepatomegaly with intracellular fat
accumulation®, lactic acidosis* and adult Reye's syndrome” in
AZT-treated HIV-seropositive patients is linked to AZT-induced
hepatotoxicity. Clinical features resemble those seen in FIAU
toxicity (see below), and some uncommon metabolic ilinesses
in which neutral fat accumulates in liver cells.

Peripheral neuropathy. An axonal peripheral neuro
caused by zalcitabine (ddC) and stavudine (D4T) (2", 3‘@ !g




REVIEW

dro-2',3"-dideoxythyinidineg)™*. It is characterized by painful
tingling sensations (dysesthesias) in the feet and toes, loss of
tendon reflexes (areflexia), distal sensory loss and mild muscle
weakness, Electrophysiologic studies confirm axonal involve-
ment. Histological findings in nerve biopsies include axonal
degeneration. We observed mitochondria with  disrupted
cristae in some nerve axons. These findings resemble the mito-
chondrial “Schwannopathy” induced in the peripheral nerves
of rabbits fed ddC”. The dideoxynucleoside-related neuropathy
reverses when ddC or ddl is discontinued. However, clinical
evidence suggests that these agents can aggravate pre-existing
neuropathy related to HIV.

The role of tissue selectivity in ANA toxicity is highlighted
with the contrast between AZT myopathy and ddl or ddC neu-
ropathy. Interestingly, AZT does not cause neuropathy and
neither ddl nor ddC exacerbate AZT myopathy. When AZT is
discontinued, myopathy improves even in the face of contin-
ued ddl or ddC therapy™. ANA tissue selectivity may be reiated
to differential phosphorylation of ANAs or specificity of cellu®
lar kinases for ANA phosphorylation in different tissues.

ANA neurotoxicity of ddC (and ddl) has been confirmed in
tissue cultures. AZT decreases mtDNA in myoblasts and lym-
phoblasts™, ddC and ddl decrease mtDNA abundance, cause
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Fig, 4. Transmission electron micrograph of a muscle biopsy from a
patient with AZT-mycpathy, Note mitochondrial enlargement and
destruction of cristae with vacuchzation. Intramitachondnal
paracrystalline inclusions (arrewheads) are prominent {(original mag-
nification x 14,000),

destruction of mitochondria and increase lactate production
in a neurcnal cell line (PC 12) (ref. 58). Rabbits treated with
ddC develop an axonopathy with abnormal Schwann cell
mitochondria and decredsed myelin mRNA" in vivo. Rats
treated with ddl develop an axonal neuropathy with charac-
teristic electrophysiological abnormalities, and ultrastructural
changes in the axonal mitochondria.

Meuropathy also occurs with FIAU treatment. FIAU-induced
neuropathy has a later onset and persists longer than that of
ddC or ddl. Toxic mechanisms may relate to the triphosphate
of FIAU inhibiting DNA pol-y and fialuridine incorporating
into mtDNA (Fig. In), which may explain the persistence of
FIAU neurotoxicity after ANA therapy is stopped.

Toxicity of FIAU. The documented anti-HBV activity of
FIAU™ was the basis for a clinical trial in patients with chronic
HBV. However, sericus FIAU toxicity occurred in clinical trials
(tncluding liver failure requiring liver transplantation and the
death of some patients)™", Toxic manifestations included pro-
found lactic acidosis, hepatic failure, skeletal and cardiac mv-
opathy, pancreatitis and neuropathy. Pathologic findings
from autopsies and liver explants showed marked micro- and
macrovesicular steatosis (D. Kleiner, pers. commun.),

In vitrp, FIAU increases lactate abundance in myotube and
hepatoblast culture medium, alters mitochondrial vltrastruc-
ture and causes accumulation of intracellular neutral fat. In
contrast to AZT treatment, FIAU-induced changes appear to be
irreversible and are consistent with FIAU's incorporation into
mtDNA. FIAUTP competitively inhibits hepatic DNA pol-y™.
Woodchucks infected with hepatitis and treated with FIAU
develop hepatic steatosis (B. Tennant, pers. commun.) and we
found neutral lipid droplets in their myocardium. Rodents,
canines and primates incorporate FIAU into DNA",

A hypothesis common to ANA toxicities
At first glance, ANA toxicities to diverse target tissues (includ-
ing cardiac and skeletal muscle, peripheral nerve, liver and
pancreas) do not show an obvious pattern linking features of
the illnesses. A unifying hypothesis (that we will call the
‘DNA pol-y hypothesis’) addresses this. [t was suggested in
part by work of Cheng”, Wallace®, and Wright and Brown™.
The hypothesis states that manifestations of ANA toxicity in
selected tissues reflect the combined effects of [our principal
factors: the subcellular availability and abundance of the ANA
in the target tissue; the ability of cellular thymidine kinase to |
use the ANA as a competitive alternate substrate and for the |
ANA to become monophosphorylated intracellularly; the
ability of the ANA triphosphate to inhibit DNA pol-y either by
serving as a competitive alternate substrate and incorporating
into mtDNA or by terminating the nascent mitDNA chain
non-competitively; and the metabolic requirements in the
target tissues for oxidative phosphorylation.

In essence, the DNA pol-y hypothesis suggests that DNA pol-
y function is pivotal to mitochondrial DNA homeostasis. Alter-
ations in the abundance of substrates for DNA pol-y may result
in altered mtDNA genomes and lead to altered mitochondnal
polypeptide expression and ultrastructural changes like tnos:
in AZT myopathy. In some ways, parts of the hvpothesis serve
as corollaries to the oxidative phosphorylation (OXPHOS) par-
adigm of Wallace™. As such, ANA toxicity may serve as &

model to study genetic ilinesses of mitochondria m@%lﬁha
turbed mtDNA replication Is crucial. This was exermblinie-
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Fig. 5 Cross-section of snap-frozen muscle biopsy from a patient
with AZT-myopathy shows abundant orange-staining lipid droplets.
(Oil red O stain, original magnification x560).

with AZT-induced mitechondrial myopathy's resemblance to
the genetic mitochondrial DNA-depleting syndromes®*.

Analogies to mitochondrial diseases and clinical implications
Genetic mitochondrial illnesses include those with point muta-
tions, mtDNA deletions or duplications, and mtDNA deple-
tion“*. These syndromes include Kearns-Sayre syndrome;
myoclonus epilepsy and ragged red fibres syndrome; Leber
hereditary optic neuropathy; mitochondrial myopathy, en-
cephalopathy, lactic acidosis, and stroke-like episodes; mito-
chondrial DNA deletion syndromes and cytochrome ¢ oxidase
deficiency; Leigh disease; chronic progressive external ophthal-
moplegia; Alper syndrome; and mtDNA depletion syn-
drome)**, »

OXPHOS is the main source of mitochondral energy in
many target tissues of ANA toxicity”. OXPHOS subunits are en-
coded by mtDNA. Experience with ANAs suggests that defec-
tive OXPHOS may relate to defective mitochondrial gene
expression in selected target tissues. Consequently, defining
molecular events in acquired OXPHOS defects, such as AZT
myopathy, can help to elucidate mechanisms of some heredi-
tary OXPHOS defects.

Pathologically defining ANA-induced changes is necessary
i to pinpoint subcellular targets of ANA mitochondrial toxicity.
such an approach was employed successfully in elucidating
molecular mechanisms of some mitochondrial illnesses*. By
understanding processes involved in mtDNA replication,
more effective ANAs may be designed for antiviral therapy.
Conversely, mitochondrial toxic ANAs serve as experimental
tools to clarify mtDNA replication mechanisms, and thus
based on clinical and experimental studies of ANA toxicity,
mitochondrial pharmacology has become an integral part of
mitochondrial medicine,
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