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and Nucleotide Analogues
Is Mitochondrial Toxicity the Only Mechanism?
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Abstract Nucl eoside anal ogues represent the cornerstones of antiretroviral regimens. A
range of drug- or tissue-specific toxicities, such as peripheral neuropathy, myop-
athy, pancreatitis and lactic acidosis with hepatic steatosis, has been documented
with these agents. Thefat atrophy seen on long term antiretroviral therapy may also
be related to nucleoside anal ogues.

The mechani sms by which nucleosi de anal ogues cause toxicity are not clearly
established. In vitro, the triphosphates of these agents are weak to modest substrates
for human DNA polymerases, showing the greatest affinity for mitochondrial
DNA polymerasey. Short term exposure in vitro to some nucleoside analogues has
been demonstrated to cause increased lactate production or fallsin mitochondrial
DNA suggestive of mitochondrial toxicity. However, stavudine and to alesser
extent zidovudine are poor substrates for mitochondrial thymidine kinase type 2,
the predominant form in cells that are not actively mitotic such as neurons, myo-
cytes and adipocytes. These are the cell types where the proposed mitochondrial
toxicities neuropathy, myopathy and lipoatrophy are observed. Thus, active concen-
trations of phosphorylated products of stavudine and zidovudine may not be pres-
ent in mitochondria.

The familial mitochondrial diseases do not have identical presentations to
nucleoside anal oguetoxicities. Thesedisordersmost commonly involvethe CNS,
typically with seizures or dementia, and occasionally the kidneys. Although nucle-
osideanal oguesareknownto penetratethe CN Sand arecommonly renally excret-
ed unchanged, mitochondrial toxicities at these sites have not been documented.

Furthermore, toxicity caused by nucleoside or nucleotide anal ogues does not
always appear to arise through the mitochondria route. Cidofovir appears to cause
renal tubular dysfunction via a toxic intracellular metabolite, and zidovudine-
related anaemia appears to be related to decreased globin RNA synthesis. In vitro
or animal models suggest that zidovudine myopathy, stavudine-related (but not
zalcitabine- or didanosine-rel ated) neuropathy and didanosine-rel ated pancreati-
tismay all benot related, or not exclusively related, to mitochondrial dysfunction.

The integration of nucleoside analogues into nuclear DNA, best documented
with zidovudine but likely to occur with other agents, represents an aternative but
potentially delayed pathway to cytotoxicity and cell apoptosis. Thisisthe mech-
anism of cell death during therapy with antineoplastic nucleoside analogues, and
may have contributed to the multisystem toxicities observed with the anti-hepatitis B
drug fialuridine. New research evaluating the effects of long term exposure of
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cell linesis required to address the possibility that nuclear genotoxicity plays a
role in long term nucleoside analogue toxicity.

1. Nucleoside Analogues Are the
Cornerstones of Antiretroviral Therapy

The natura history of HIV-1 infection has been
dramatically modified by the use of multidrug highly
activeantiretroviral therapy (HAART) regimens.[!]
The recommended HAART regimens are all built
around a backbone of 2 nucleoside anal ogues with
either protease inhibitors or non-nucleoside reverse
transcriptase inhibitors. Combinationsinvolving 3
nucleos de anal ogues are a so under evaluation. Cur-
rent HAART regimensare unableto eradicate HI V-
1 infection,[23 and thus the current HIV therapeutic
paradigm involves continuing therapy for an indef-
inite period.

Although the benefits of HAART are clear, the
long term riskshave not been established. Thelongest
clinical trias of HIV therapy have run for around
3years, with themajority of large studiesof HAART
regimenslasting only 12 to 18 months. Cohort studies
have established the long term risks of untreated
HIV infection, providing actuarial assessments of
risk of disease progression over 3, 6 and 9 yearsbased
on virus load and CD4+ cell counts. Although the
risksof not treating HIV are clearly established, the
point at which the risk-benefit of therapy favours
intervention cannot be established until the risks of
each treatment regimen are established over sim-
ilar periods of follow-up.[!

A range of adverse clinical and metabolic pheno-
mena have been observed in individuals receiving
HAART, which represent both significant manage-
ment challenges and obstaclesto treatment initiation
or continuation. A wide spectrum of adverse effects
observed during HAART have been hypothesised to
relateto theimpact of long term exposureto nucle-
oside analogues on human cellular mitochondrial
function.[>7 If these assertions are well founded, to
achievelong term success with HAART it will be cri-
tica to choose nucleoside analogues that possess both
potent antiretroviral activity and have limited (or
no) impact on mitochondrial function.
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Thisreview discussestheevidencefor and against
the proposed mitochondrial toxicities of nucleoside
analogues, evaluates their potential mechanisms
and contrasts the manifestations with established
familial mitochondrial diseases.

2. Mitochondrial Functions

Mitochondria are cellular organelles responsible
for production of energy in the form of adenosine
triphosphate (ATP). They are also involved in cho-
lesterol and ethanol metabolism and the synthesis
of testosterone and estrogens. Mitochondria are also
therepositories of some of the key factorsinvolved
in cell apoptosis. The most metabolically active
cellspossessthe most mitochondria. Withinthemi-
tochondrial matrix lies the only non-nuclear DNA
in human cells, 2to 10 copies of acovalently closed
double-stranded DNA circle. This DNA, responsi-
blefor encoding 13 of the subunits of mitochondrial
enzymes, plus transfer and ribosomal RNA, is es-
sentially exclusively maternally inherited. The re-
maining 65 proteins necessary for mitochondrial
formation, additional proteins for mitochondrial
function. and the DNA polymerase y responsible for
copying mitochondrial DNA are encoded in nu-
clear DNA.

ATPmay beproduced fromlong, medium or short
chain fatty acids or from pyruvate (derived from
glucose). Long chain fatty acids reguire a transfer
shuttle to cross the dual membrane of the mitochon-
drion, this process being dependent on carnitine.
Fatty acids first undergo -oxidation, a cycle of 4
reactions that progressively shortens the fatty acid
by 2 carbon atoms per cycle and generates acetyl-
CoA, reduced nicotinamide adenine dinucleotide
(NADH) and flavin adeninedinucleotide. Pyruvate
isalso converted to acetyl-CoA by pyruvate dehy-
drogenase in the mitochondrial matrix, this being
the aerobic metabolism of glucose. In the absence
of adeguate mitochondrial metabolism, fatty acids
accumulate in the mitochondria and cytoplasm as
lipid dropletsand pyruvateis metabolised to | actate
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in the cytosol; thisis the anaerobic metabolism of
glucose.

Acetyl-CoA feeds into the Krebs or tricarboxylic
acid cycletogeneratefurther NADH. NADH isthe
substrate of oxidative phosphorylation, the highly
efficient energy production pathway of the mito-
chondria. Oxidative phosphorylationinvolves5 en-
zyme compl exes|ocated on the mitochondrial inner
membrane. Complexes | and I, which incorporate
ubiquinone (coenzyme Q-10), and the cytochrome-
containing complexes I11 and IV together shuttle
electronsderived from NADH to form aproton gra-
dient whichiscoupledto complex V, ATPsynthe-
tase, enabling it toform ATPfrom cytosol-derived
adenosine diphosphate (A DP) and inorganic phos-
phate.[8]

3. Mechanisms of Mitochondrial
Toxicity: Is There a Difference between
Fialuridine and Antiretroviral
Nucleoside Analogues?

Errorsin both nuclear and mitochondrial DNA
(mtDNA) may lead to mitochondria dysfunction.
The mitochondrial DNA polymerase y is more er-
ror prone than the nuclear DNA-copying polymer-
asesa and € and possesses neither protective histones
nor repair enzymes like the nuclear 3 and & poly-
merases. Anindividual’scells arelikely to possess
both functional and defective mtDNA as a hetero-
plasmy. When a cell divides, the functional mtDNA
may not be evenly shared between thedaughter cells,
leading to differencesin mitochondrial reserve be-
tween cells and ultimately between tissues. It has
been hypothesised that a threshold exists for the
appearance of mitochondrial disorders, which will
becell-, tissue- and individual -specific but islikely
to affect the most metabolically active and energy-
dependent cells first. The level of depletion of
MtDNA required to reach the threshold may be 20%
or less of normal values.[®-13]

Six nucleoside analogues are currently approved
for antiretroviral therapy: zidovudine (ZDV), di-
danosine (ddl), zalcitabine (ddC), stavudine (d4T),
lamivudine (3TC) and abacavir (ABC). Addition-
ally, the nucleotides adefovir (for hepatitis B only)
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cidofovir (for cytomegalovirus disease) and ten-
ofovir and the nucleosides 2',3'-dideoxy-5-fluoro-
3'-thiacytidine (FTC) and 3-D-2,6-diaminopurine
dioxolane (DAPD) are in clinical development.
These nucleoside and nucl eotide analoguesare struc-
tural analogues of the natural nucleotidesthat form
the building blocks of RNA and DNA in both hu-
man cells and viruses. Nucleoside and nucleotide
analoguesrequireintracel lular phosphorylation by
human cellular kinases to achieve their active tri-
phosphate form. This triphosphate then competes
with the natura nucleotidefor inclusionin the grow-
ing DNA chain. Absence of the hydroxyl group at
the 3'-position of the ribose ring in the analogue
means a new 3'-5' phosphodiester bond cannot be
formed with the next nucleotide, and hencethefur-
ther extension of thisDNA strand isprevented. Nu-
cleoside and nucleotide analogues are, therefore,
both competitiveinhibitorsand chainterminators.!14
Aspretranscriptional inhibitorsof HIV, theactivity
of these analogues is restricted to acutely infected
cells.

3.1 Infracellular Activation of
Nucleoside Analogues

Nucleoside anal ogues enter the cell by nonfacil-
itated passive diffusion,'® although their active re-
moval by the multidrug resistance protein MRP4[1€]
may vary between cells and over time. The active
triphosphate moietieshave arelatively low affinity
for human nuclear DNA polymerases, but in vitro
inhibit isolated mitochondrial DNA polymerase y
at clinically relevant concentrations.[7]

Because of differing expression of activating ki-
nases, lamivudine, zalcitabine and didanosine are
preferentially phosphorylated in resting cellswhere-
as zidovudine and stavudine are more efficiently
activated in activated or dividing cells.['® Because
of a unique activation pathway, abacavir® is ac-
tive across the range of infected cells. Rate-limiting
steps or bottlenecks exist for the activation of both
Zidovudine and stavudine. With zidovudine the bot-
tleneck is at the conversion of zidovudine mono-
phosphateto zidovudine diphosphate by thymidylate
kinasel?! and for stavudine it is at the level of mon-
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ophosphorylation by thymidine kinase (TK).[24
Two forms of thymidine kinase, the enzyme respon-
siblefor themonophosphorylation of zidovudineand
stavudine, exist: the cytosolic TK-1 and the mito-
chondrial TK-2. TK-1islargely only expressed in
the mitotic S-phase, and thus resting (postmitotic)
cells such as neurons, myocytes and adipocytes, and
cells that express low levels of TK-1 such as pe-
ripheral blood mononuclear cells (PBMCs) and
monocyte-macrophages, activate the thymidine
analogues using mitochondrial TK-2.122 TK-2 is
congtitutively expressed in all cells but at lower
levels than, when expressed, TK-1.[22 Zidovudine
and stavudine have a higher affinity for TK-1 than
for TK-2. Zidovudine, however, has higher affinity
for both enzyme forms as demonstrated by relative
phosphorylation rates of 0.52 and 0.04, as compared
with 0.07 and 0.01 for stavudine, with TK-1 and
TK-2, respectively.[2324 The activity of TK-2 in
macrophages is sufficient to provide some anti-
HIV activity for zidovudineinthesecells,[2% where-
as stavudine is poorly activated in TK-1 deficient
cells.[28] Thus, concentrations of the active forms
of zidovudine and stavudine in TK-2 dependent
cellsarelikely to be low, but will be higher for zido-
vudine. Surprisingly, resting TK-2 dependent cells
include neurons,[22 myocytes?2 and, presumably,
adipocytes, many of the cell types where the pro-
posed mitochondrial toxicities of neuropathy, my-
opathy and lipoatrophy are observed. This incon-
gruity may be best explained by concluding that
these toxicities of thymidine nucleoside analogues
are not mitochondrial toxicity.

The location of TK-2 in the mitochondria sug-
gests that concentrations of any drug phosphory-
lated by this enzyme may be higher at thissite than
in the cytosol, an issue that has been shown to be
important for nucleoside toxicity in vitro.[27] In-
deed, nucl eosides phosphorylated in the mitochon-
dria become trapped and thus may cause selective
damage to mtDNA 1271 Caution must be used in the
interpretation of in vitro data (see section 3.3). How-
ever, using astrain of Escherichia coli with deleted
thymidinekinases and human TK-2 introduced, in-
vestigators have recently compared the effects of a
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Table |. Effects of nucleoside analogues in Escherichia coli with
deleted thymidine kinase (TK) or with human mitochondrial TK-2
inserted. Values are relative to untreated cells (= 100%)24

Compound  Growth (%)

TK deleted TK-2+
Fialuridine 107 71
Zidovudine 85 46
Stavudine 95 96
Lamivudine 97 100

range of pyrimidine nucleosides on TK-2 (as mea-
sured by cell growth). Table | shows the effects of
relevant agents (at 20 pumol/L) in TK- and TK-2+
cells (cultures in the absence of nucleosides =
100%). The 50% effective concentration (ECsp)
vaues for agents with inhibitory effects were cal-
culated as4 mmol/L for fialuridine and 10 mmol/L
for zidovudine. Asno effect was seen for stavudine
or lamuvudine, no ECsg value was presented.[24]

These data suggest that stavudine is poorly
monophosphorylated, if at all, within mitochon-
dria, limiting its potential to cause toxicity at this
site, and may not be meaningfully phosphorylated
inresting cells. Despite being apoorer substratefor
TK-2 than for TK-1, it is clear from these data that
zidovudine can be at least monophosphorylated in
mitochondria. Thus, in resting cells not expressing
TK-1, most phosphorylated zidovudine will be in
the mitochondria. Therefore, zidovudine may still
beableto causemitochondrial-rel ated toxicity inrest-
ing cells. This potentially explains the observation
of depleted mtDNA in myocytes from zidovudine-
treated patients with myopathy.[28!

3.2 Nucleoside Analogues and Human
DNA Polymerases

Nucleoside anal ogues may also be graded onthe
in vitro affinity (Michaelis constant, Km) and in-
hibitory potency (inhibition constant, Ki) of their
triphosphates for human DNA polymerases (i.e. the
Ki/Km ratio), although the clinical relevance of
thisgrading is not established. Using thisapproach
with isolated polymerase y, the greatest inhibitory
potency is observed with zal citabine triphosphate,
ranging through didanosine and stavudine to lami-
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vudine, zidovudine and abacavir triphosphates,
which have the lowest inhibitory potential .[17]

Invitro cellular models of mitochondrial toxic-
ity generally use a decrease of mtDNA or an in-
creasein lactic acid production to assess effect.[29:30]
Hierarchies of toxicity potential, not surprisingly,
vary depending on the cell line used and whether
the drug is provided in a phosphorylated form. In
some studies, cytotoxicity is observed before mi-
tochondrial toxicity is detected.[3Y In general, lami-
vudine!1® and abacavirl32 demonstrate low toxic-
ity. Lamivudine is removed at ‘proof-reading’ by
polymerasey, henceisnot integrated into mtDNA,
potentially explaining its relative lack of toxicity,
although clearly it can act as a competitive inhibi-
tor.

3.3 Caveats With In Vifro Data

The extent to which in vitro findings translate
into thein vivo situation is not known. Since phos-
phorylation of nucleoside analogues differs be-
tween cell linesaswell as between the mitotic phases
of those cells, an agent that demonstrates toxicity
inacdl linewhereit isefficiently phosphorylated
may be markedly lesstoxic in adifferent cell line.
Noneof theinvitro studieshavetested al theavail-
able nucleoside analogues using the same assay
system and across multiple cell lines. In addition,
these studies invariably evaluate drugs on an indi-
vidual basis rather than in the combinations in
which they are used in clinical practice. Thus, the
potential for additive or synergistic toxicity hasnot
been tested. Although exposures in some in vitro
studies represent realistic clinical exposures, these
studieslargely provide information on acute toxic-
ity rather than on the effects of long term exposure.
Additionally, theissue of differential tissue uptake
(or efflux) has not been assessed or is difficult to
translate into clinical practice.

For example, a comparison of zidovudine, di-
danosineand zal citabinein myocytesfound that all
agents affected muscle cell proliferation and dif-
ferentiation in a dose-dependent manner, increas-
ing both cytoplasmic lipid droplet accumulation and
lactic acid production. However, zacitabine and
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didanosine, which are not typically associated with
clinical myopathy, were the most potent inhibitors
of mitochondrial function in muscle cells, whereas
cytotoxicity was observed with zidovudine.3l In
HIV-infected persons devel oping myopathy while
receiving zidovudine, mtDNA in myocytes has
been reported to be diminished by as much as 78%
relative to uninfected adults.[28] It isunclear if this
extent of reduction in mtDNA aloneissufficient to
be causative of clinical mitochondrial disease.

3.4 Fialuridine as a Model for the Toxicity
of Nucleoside Analogues

Fialuridine is afluorinated thymidine analogue
for which development as an anti-hepatitis B agent
was stopped following several deaths secondary to
lactic acidosis and multisystem failure. Initial sug-
gestionswerethat thiswas exclusively related to mi-
tochondrial dysfunction.[33 These adverse effects
were not predicted from initial in vitro or animal
studies as the toxicity was delayed or subacute.

This agent may be more prone to causing mito-
chondria toxicity than antiretroviral nucleoside an-
alogues. First, unlike zidovudine and stavudine,
fialuridine is a more efficient substrate for TK-2
than for TK-1,[343% making high intramitochondr-
ial concentrations of phosphorylated products of
fialuridine likely. Secondly, fialuridine possesses a
3'-hydroxyl group and is therefore readily able to
form DNA internucleotide linkages;[3¢ in other
words it is a less efficient chain terminator than
other nucleoside analogue.

In vitro data suggest that treatment with fialur-
idine may lead to reductions in mtDNA in a dose-
dependent manner, with 14 days exposure of the
human hepatoma cell line HepG2 to 50 umol/L
causing a 90% decrease.[31 This is similar to the
magnitude of mMtDNA reduction observed with fa-
milial mitochondrial diseases. These data support
the mitochondrial toxicity hypothesis with this
agent. However, mitochondrial toxicity may not be
the exclusive cause of the toxicity of this agent.

Asfiauridineisasubstrate for all human DNA
polymerases, albeit most efficiently used by poly-
merase v,[38] the drug accumulates in both nuclear
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and mitochondrial DNA. This accumulation is ob-
served across arange of tissues, with the highest con-
centrations in nuclear DNA occurring in the liver,
the site where the toxicity of fialuridine was most
evident. The net accumulation of fialuridinein nu-
clear DNA has been suggested to be a critical step
in fialuridine-induced toxicity[®¥ and in rats (but not
dogs and monkeys) was associated with apoptosi s of
hepatocytes.[39 In vitro studies using HepG2 cells
indicated that fialuridine and its metabolitesinhib-
ited cell growth and were effectively phosphorylated,
leading to a substantial increase in lactic acid pro-
duction consistent with mitochondrial dysfunc-
tion.[*0 This effect, asin the clinical eventsin hu-
mansand anima models!*! was delayed, asa2-week
exposure to fialuridine was not associated with a
decrease in total mitochondrial DNA content.[40]

This suggests that the genetic toxicity (‘ genotox-
icity’), either nuclear or mitochondrial, of anucle-
oside analogue may potentially appear some time
after the agent iswithdrawn or changed to an alter-
native agent.

To contrast with the data with fialuridine,[4° a
recent study has evaluated thein vitro toxic effects
of zidovudine, stavudine, lamivudine, didanosine
and zalcitabinein HepG2 cells.[42 These datamust
be interpreted with the caveats detailed in section
3.3. Evidence for a number of mitochondrial de-
fects with zidovudine, zalcitabine and didanosine
werefound, but only zidovudineinduced amarked
rise in lactic acid levels. No increases in in vitro
lactic acid production or morphological changesin
mitochondria were observed with either stavudine
or lamivudine. Additionally, only in mitochondria
isolated from zidovudine-treated cells was signifi-
cant inhibition of cytochrome c oxidase and citrate
synthase found,!“? providing an explanation for
the respiratory chain effects observed in rat myo-
cytes.[4d The study also demonstrated that zido-
vudine, stavudine and lamivudine did not affect the
synthesisof the 11 polypeptides encoded by mtDNA,
whereas zal citabine caused 70% reduction of total
polypeptide content and didanosine reduced by
43% the total content of 8 polypeptides. The authors
hypothesised that in hepatocytesthe reserve capac-
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ity for mitochondrial respiration is such that inhi-
bition of respiratory enzymes aone is unlikely to
become critical. In contrast, the combined inhibi-
tion of thetricarboxylic acid cycleand electron trans-
port, only observed with zidovudine, greatly en-
hanced the dependence of thecell on glycolysisand
may explain why apparent mitochondrial dysfunc-
tion was observed during zidovudine treatment.[42

3.5 Lactic Acidosis and
Nucleoside Analogues

Lactic acidosis, with or without hepatic microste-
atosis, is the most serious presentation of nucleoside
analogue toxicity. During the clinical study of fialur-
idine for hepatitis B virus infection, 7 of 15 treated
patients devel oped severe hepatotoxicity and lactic
acidosis, afurther 3 milder changes, in most cases
after cessation of the drug. Subsequently, 5 partici-
pants died and 2 patients survived after liver trans-
plantation. Pancreatitis, neuropathy and myopathy
often accompanied the syndrome. Liver histology
showed macro- and microvesicular steatosis and
abnormal mitochondria[33 Lactic acidosis has been
reported in persons receiving both single and dual
nucleoside analogue regimens for HIV infection,
including combinationsof zidovudineor stavudine
with didanosine, zalcitabine or lamivudine. Differ-
ences in the relative incidence of lactic acidosis be-
tween different agentsor different combinationshave
not been established. Theincidence of thisproblem
is not known but it appears to be rare (<1 per 100
patient-years of therapy). The syndrome most com-
monly occursin personson prolonged (>6 months)
therapy, athough there may be additional risk fac-
tors. In particular, initial reportswere most oftenin
women, with factors such obesity and hepatitis B or
C co-infection and advanced HIV disease often be-
ing present.[*l However, lactic acidosis has been re-
ported across the range of humanity infected with
HIV and arange of nucleoside anal ogue combina-
tions. Additionally, transient nonfatal lactic acidosis
has been reported in neonates receiving prophylac-
tic zidovudine or zidovudine plus lamivudine.[5]

The onset may be either abrupt or insidious. Ini-
tial symptoms often include nausea, vomiting, and

Drug Safety 2000 Dec; 23 (6)



Mitochondrial Toxicity of Nucleoside Analogues

473

abdominal pain, although in more insidious cases
fatigue and bodyweight loss may predominate. A
tender enlarged liver may be pal pable. Subsequent-
ly, shortness of breath, tachypnoea and hyperven-
tilation, liver and/or renal failure, clotting abnor-
malities, seizures, cardiac arrhythmia and death
ensue.[*647 Biochemical abnormalitiesinclude el-
evated |lactate and lactate : pyruvateratio, acidosis
with low bicarbonate, widening of the anion gap,
elevated lactate dehydrogenase and often (but not
invariably) elevated hepatic transaminase and cre-
atinine kinase levels. Histological examination of
theliver may reveal diffuse microvesicular steato-
sis with slightly enlarged mitochondria.[*® The
similarity in histological findings and presentation
of lactic acidosis during antiretroviral nucleoside
analogue therapy to the syndrome with fialuridine
and some familia diseases is suggestive that this
toxicity is mitochondrial. The association with
hepatitis C may be an important risk factor, asin-
fection with thisvirus (particularly genotype 1b) has
been observed to deplete mtDNA and impair oxi-
dative phosphorylation.[*9 It is not known if other
viral infections, including HIV, affect mitochon-
drial function. However, mitochondrial abnormal-
ities have been reported in muscle biopsies from un-
treated HIV-positiveindividual s with myopathy, 50
raising this possibility.

3.6 Other Possible Mechanisms of
Mitochondrial Toxicity

Nucleoside analogues may contribute to mito-
chondrial dysfunction through mechanisms other
than inhibition of mitochondrial DNA polymerase
y. Zidovudine has been shown to increase mtDNA
oxidised guanosine levels, amarker of freeradical
production, in mouse liver cells, the effect being
limited by vitamins C and E.[5152 Additionally,
components of therespiratory chain may be affected.
Zidovudine may bind to adenylate kinase, reduc-
ing ATP production.[53! Similarly, cardiomyopathy
with zalcitabine is thought to be related to modu-
lation of reactive oxygen species levels and ADP-
ribosylation reactions.[54 One study has reported
that zidovudine, but not other nucleoside ana-
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logues, significantly inhibits cytochrome c oxidase
and citrate synthase.l*2 Uncoupling of the proton
gradient from the ADP/ATP translocator by zido-
vudine has also been reported in one experiment.[59!
As mitochondrial function deteriorates with age,58
the impact of drug toxicity on mitochondrial func-
tion may be most rapidly apparent in older individ-
uals.

4. Non-Mitochondrial Cytotoxicity
and Genotoxicity with
Nucleoside Analogues

A range of adverse cellular events with nucleo-
side anal ogues appear unrelated to their effects on
mitochondrial function or DNA polymerasey. Pos-
sible mechanisms include integration into nuclear
DNA, accelerated senescence secondary to telomere
shortening and nuclear DNA hypermethylation.

Apoptosis may be triggered by nucleoside ana-
logues.[5”1 Although mitochondrial cytochrome ¢
appearsimportant in the apoptosis pathway, the an-
tineopl asti ¢ nucl eosi des fludarabine and gemcitab-
ine induce apoptosis through their incorporation
into nuclear DNA.[58] Cells treated with these drugs
undergo apoptosis characterised by internucleoso-
mal DNA fragmentation. Stavudine has been ob-
served to induce apoptosisin HIV-infected, but not
uninfected, MOLT-4 cells in vitro; however, the
mechanism of this apoptosis or reasons for the se-
lectivity are unknown.[59

Antiretroviral nucleosides may accumulate in
nuclear DNA over time.[80 Incorporation of zido-
vudine into human DNAI® js well documented.
Specific localisation of zidovudine into telomeric
DNALI6L62] |eads to telomere shortening, whereas
prolonged passaging in didanosine, 2',3'-dideox-
yadenosine (ddA), stavudine or foscarnet does not
cause reproducible telomere shortening or de-
creased cell growth rates or viability. Thistelome-
ric shortening appears irreversible despite the
withdrawal of zidovudine.[%3] In an experiment in-
vestigating long term exposure to nucleoside ana-
logues in vitro, T-lymphocytic H9 cells were ex-
posed over 7 months to zidovudine. This led to
both chromosomal aberrations and nuclear frag-
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mentation, and to mitochondrial damage with lipid
accumulation.[64 Thus, during exposure to nucle-
oside analogues, or least to zidovudine, cellular in-
jury may occur secondary to nuclear DNA damage.
Such toxicity islikely to be ‘late’, increasing with
time on nucleoside analogues as more and more
nucleoside analogue accumulates in the nuclear
DNA.I89 Additionally, the toxicity may be ob-
served after the nucleoside analogueisremoved, as
stresses on the nuclear DNA such asat mitosis may
trigger fragmentation. For example, with antineo-
plastic nucleoside anal ogues, S-phase cells, which
also most actively incorporated the analogues into
DNA, were most sensitive to the cytotoxic action
of these compounds.!>8!

During processive DNA synthesis, human DNA
polymerase a is able to incorporate zidovudine
monophosphate into DNA, causing chain termina-
tion. Polymerase 3 is also ableto incorporate zido-
vudine monophosphate and zal citabine monophos-
phate into DNA. Steady state kinetic analyses
demonstrated that polymerase a inserts 1 zidovud-
ine monophosphate molecule into DNA for every
2500 thymidine monophosphate molecules incor-
porated.[%5] Steady state levels of stavudine incor-
porated into DNA are 10- to 50-fold lower compared
with zidovudine in bone marrow cells.[? The
equivalent figure for fialuridine is 1 molecule per
90 thymidine molecules,[“® implying that this ef-
fect with zidovudineislikely to be observed more
slowly that with fialuridine but more rapidly than
with stavudine. The cytotoxicity of zidovudine has
been associated with the intracellular concentra-
tions of the monophosphate, the most predominant
form of zidovudine in cells, but not the triphosphate
form.[88] Incorporation of zidovudine into nuclear
DNA has been suggested as a mechanism respon-
sible for zidovudine-induced bone marrow toxic-
ity.[67] Thus, genomic or nuclear DNA fragmenta-
tion and subsequent cellular apoptosis may be
consequences of nucleoside anal ogue exposure.

Additionally, incorporation of nucleoside ana-
logues into DNA may also have consequences on
cell progeny because of the extent of genomic mu-
tation, mostly secondary to deletions.[®®! That isto
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say, even if cell division occurs successfully, the
progeny cells may have significant genetic deletions
and may be dysfunctional or unviable. Although the
sister chromosome will probably compensate ini-
tially, as deletions accumulate the chance that are-
gion of both chromosomesin apair will be damaged
increase. Additionally, the incorporation of zido-
vudine into the telomeric regionl®1-62 may shorten
the number of cell cycles atreated cell may com-
plete, resulting in premature cell senesence, an ef-
fect that againislikely to be observed during (or af-
ter) long term exposure. Further damage to nuclear
DNA may occur through DNA hypermethylation.
Interestingly, this may be gene-specific, with onein
vitro study showing hypermethylation with zidovu-
dine being specific to the thymidine kinase gene.[69]

Toxic metabolites may also berelevant for cyto-
toxicity. A toxic metabolite of zidovudine, 3'-
amino-3'-deoxythymidine (AMT), has been ob-
served in cultured hepatocytesand microsomesand
istoxicto bonemarrow cells, particularly erythroid
lines.[70]

Finally, cytotoxicity, through mechanisms not
described, may occur in the absence of overt mito-
chondrial toxicity.[3Y In astudy using cultured mus-
clecélls prepared from human muscle biopsies, cells
were exposed to various concentrations of zidovu-
dine (4 to 5000 pumol/L), didanosine (5 to 1000
pmol/L) and zalcitabine (1 to 1000 umol/L) over
10 days. Cell proliferation and differentiation and
lipid droplet accumulation, lactate production and
respiratory chain enzymeactivitieswereeval uated.
All 3 compounds induced a dose-related decrease
of cell proliferation and differentiation. Zidovud-
ine was the most potent inhibitor of cell prolifera-
tion. Zidovudine, didanosine and zalcitabine in-
duced cytoplasmic lipid droplet accumulation,
increased lactate production and decreased the ac-
tivitiesof cytochrome oxidase (complex 1V) and suc-
cinate dehydrogenase (part of complex I1). Consis-
tent with other data, zalcitabineand, to alesser extent,
didanosine were the most potent inhibitors of mito-
chondrial function whereas zidovudine was the most
cytotoxic. The authors suggested that zidovudine-as-
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sociated myopathy might not simply result from a
direct mitochondrial toxic effect.l3H

5. Mitochondrial Disease in HIV and
Other Areas of Medicine: Is Familial
Disease Different to That Seen with
Nucleoside Analogues?

Familial or inherited mitochondrial diseasesare
well recognised in medicine, particularly in paedi-
atrics, neurology and hepatol ogy.[®-13 Familial mi-
tochondrial diseasesgenerally relatetoinherited or
spontaneous mutations, deletions or rearrange-
ments of genes involved in mitochondrial forma-
tion or function. In some cases, these mutations are
not compatible with life. However, the majority of
patients with defects of mtDNA have a mixture of
both affected and unaffected (wild-type) mtDNA,
intracellular heteroplasmy.

Diminished mitochondrial function resultsin a
widerange of clinical diseases. The presentationis
varied, eveninindividual swith the samegenotype.
In general, the impact of mitochondrial dysfunc-
tion becomes apparent in the most metabolically
activetissues rather than the least active. Thus, man-
ifestations commonly involve the brain, including
the reting; the peripheral nervous system; cardiac
and other muscles; and the endocrine, renal, gastro-
intestinal, haematological and hepatic systems.
Only in Madelung’s syndrome has amitochondrial
disorder been associated with changesin adiposity.
For most of these disorders, depletion of mtDNA
or mitochondrial dysfunction has been demon-
strated in the tissues involved.[%-13]

The majority of specific disorders of mitochon-
driopathy involve multiple organs, such as MELAS
syndrome (mitochondrial encephalopathy, lactic
acidosis and stroke-like episodes) or Pearson’s
marrow-pancreas syndrome (bone marrow leading
to haematological complications, pancreas result-
ing in pancreatitisand diabetes mellitus, liver lead-
ing to steatosis). Other disorders, such as chronic
progressive external ophthalmoplegia, Navajo
neuropathy or Fanconi’s renal tubular syndrome,
may predominantly manifest in asingle organ.[®-13]
The liver is commonly affected, with histology
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usually showing microsteatosis and often accom-
panied by fibrosis, cholestasis and loss of hepato-
cytes.’] Neurological manifestations of mito-
chondriopathy commonly present in infancy or
childhood, athough others may be gradual in on-
set, occurring in adult or late adult life, possibly as
mitochondrial function declines with age allowing
levels of functional mtDNA to dip below the thresh-
old of risk. Leigh syndrome (also called NARP,
neuropathy, ataxia and retinitis pigmentosa), for
example, results in focal spongy necrosis in the
brain and progressive neurological dysfunction.
As the syndrome progresses, multiple organ in-
volvement leading to metabolic acidosis and death
may occur.[60721 A similar disorder that has been
associated with mitochondrial DNA polymerase y
deficiency and mtDNA depletion is Alper’s syn-
drome.l!l This progressive neurological disorder
involvespsychomotor retardation, seizuresand pa-
resis, together with elevated serum and/or cerebro-
spinal fluid lactate.[3]

In general, no management beyond supportive
therapy isavailable for inherited disorders, although
genetherapy and the use of peptide nucleic acidsare
being investigated.!13!

Table Il comparesthe manifestations of familial
mitochondrial disease with the clinical events sug-
gested to relate to mitochondrial toxicity of the nu-
cleoside analogues. Most striking isthe absence of
CNS and rena manifestations amongst the effects
of nucleoside analogues, despite these agents being
known to penetrate the CNS at therapeutic concen-
trations and many of these agents being predomi-
nantly renally excreted. The reason for this is not
currently clear, but may relateto thefact that famil-
ial diseaseispresent throughout ontogeny, whereas
nucleoside analogues are generaly given at atime
when these tissues are mature.

This may explain the observation of possible
CNS mitochondrial toxicity in children exposed in
uteroto zidovudine or zidovudine pluslamivudine.
In aretrospective study across France, 8 cases of
suspected mitochondrial dysfunction, including 5
deaths, were observed across 1754 mother—child
pairsexposed to zidovudine al oneor with lamivud-
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ine during pregnancy. The exposure was on aver-
age 4 months in utero plus postnatal prophylaxis.
In some cases symptoms did not develop until
many months after exposure. With 2 of theinfants,
Leigh’sor Alper’ssyndromewas suspected follow-
ing apresentation of encephal opathy, seizures, lac-
tic acidosis and demonstrable mitochondrial respi-
ratory chain complex defects.[” A review of data
from infants exposed to nucleoside analogues in
theUSdid not find any neurol ogical eventsthought
to be caused by mitochondrial toxicity, although
lactic acidosis has been reported to the US Food
and Drug Administration in 2 neonatestreated with
zidovudine plus lamivudine.l4®!

However, as possiblemitochondrial toxicity has
been observed in other cell linesin adults, for ex-
ample myocyteswith zidovudine and peripheral neu-
ronswith zalcitabine,[® it is difficult to explain the
absence of nucleoside analogue related mitochon-
drial toxicity in the CNS, which as the most meta-
bolically active organ in adults is potentialy the
most prone to mitochondrial function.

6. Mitochondrial Toxicity Is Not
Always the Cause of Nucleoside
Analogue Toxicity

Therange of problemsassociated with nucleoside
or nucleotide analogues resembl e familial mitochon-
drial diseases, but on closer evaluation have not or
may not turn out to be related to this mechanism.
Importantly, demonstration of reductioninmtDNA
to <20% of normal, the levels considered critical
for familial disease, have not been convincingly or
consistently demonstrated in clinical samplesfrom
personsexperiencing nucleosi deana ogue-associ ated
toxicities. Although this may be attributable to
some nucleoside analogues having additional im-
pact on other aspects of mitochondrial function, it
may also be that many of these adverse effects are
not exclusively related to mitochondrial toxicity.

Themost well characterised of theseis proximal
renal tubular deficiency with the nucleotides ade-
fovir and cidofovir, which closely resemblesthefam-
ilial mitochondrial disorder Fanconi’s disease.[”
Closer evaluation of thistoxicity, which can be pre-
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vented by the coadministration of probenecid, de-
monstrated that this tissue-specific toxicity is re-
lated to increased cellular uptake of these agents
by the human renal organic anion transporter type
1 (hOAT1).[76-78] Cidofovir is then converted into
toxic cidofovir-phosphocholine, which is thought
to interfere with synthesis or degradation of mem-
brane phospholipids.[?” Thus, this agent’s toxicity
is clearly not secondary to mitochondrial toxicity.
Whilst the precise mechanism with adefovir has not
been elucidated, this agent is an analogue of ATP
and may thereforeinterfere with arange of energy-
dependent processes.[””] Nucleoside anal ogues in-
cluding zidovudine, stavudine, didanosine, zal-
citabine, lamivudine and aciclovir have also

Table Il. Symptoms of mitochondrial dysfunction caused by familial
mitochondrial diseases versus nucleoside reverse transcriptase
inhibitors (nucleoside analogues)

Familial Nucleoside analogues

Neuromuscular

External ophthalmoplegia and
optic atrophy, sensorineural
deafness, seizures/myoclonus,
parkinsonism/dystonia, dementia,
ataxia, stroke-like episodes,
spastic paraparesis,
encephalomyopathy, peripheral
neuropathy

Peripheral neuropathy,
deafness

Cardiac

Cardiomyopathy, heart block
Endocrine

Diabetes mellitus,
hypoparathyroidism,
hypogonadism, infertility,
pancreatitis

Cardiomyopathy

Pancreatitis and diabetes
mellitus, hypogonadism

Gastrointestinal

Dysphagia, vomiting,
pseudo-obstruction, steatosis and
lactic acidosis

Steatosis and lactic acidosis

Renal

Aminoaciduria, tubulointerstitial
disease, Toni-Fanconi-Debre
syndrome, Barrter syndrome
(hypokalaemic alkalosis)

Psychiatric
Depression, psychotic illness
Haematological

Sideroblastic anaemia Pancytopenias
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recently been shown to be substrates of OAT 17
but these agents have not been associated with re-
nal dysfunction.

Full understanding of themechanism of zidovudine-
associated anaemia has not been established, but
thereisno evidence avail ableto suggest that thistox-
icity ismitochondrid in nature. Zidovudine hasbeen
found to inhibit haemoglobin synthesis and globin
genetranscription, anditstoxic metabolite AM T may
further contribute to this effect.[8% A further con-
tribution may be made by the incorporation of zido-
vudine monophosphate into the nuclear DNA of
these cellg%71 and by down-regulation of erythropoe-
tin receptors.[81]

As discussed above in section 3.4, zidovudine
may exert somel“3 but not all its effects on muscle
through mitochondrial toxicity; direct cytotoxicity
may also beimportant.[3X Thehistol ogical features
of zidovudine myopathy focused attention on the
mitochondria, with some authors suggesting that the
distinguishing features included ragged-red fibres
and abnormal mitochondria with paracrystaline
inclusions.[508283 However, similar mitochondrial
abnormalities have al so been reported in therapy-
naive persons with HIV-related myopathy.[50.84]
Tissue-specificity studies with zidovudine have
demonstrated that the greater impact on musclecells,
compared with kidney or liver cells, may involve
inhibition of succinate transport systems rather
than toxicity related to mitochondrial DNA deple-
tion.[®® Thus, myopathy may not exclusively be a
mitochondrial toxicity.

During phase | and Il trias, the dose-limiting
toxicity of didanosine, zalcitabine and stavudinewas
identified as peripheral neuropathy. In an in vitro
model of nerve cells, zalcitabine and didanosine
have been shown to reduce mtDNA, leading to de-
struction of mitochondriaand an increasein intra-
cellular lactate levels.[8€ A second study confirmed
thisfinding, but surprisingly found that pharmaco-
logically relevant concentrations of stavudine as
well as zidovudine and lamivudine had no impact
on neurite regeneration or mtDNA levels, suggest-
ing that stavudine-induced nerve toxicity may in-
volveadifferent mechanism.[871 Depleted levels of
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acetyl-L-carnitine have been found in patientswith
peripheral neuropathy on zalcitabine, stavudine or
didanosine therapy compared with those on the
same drug but without peripheral neuropathy.[88l
The main function of acetyl-L-carnitineisin mito-
chondrial 3-oxidation of fatty acidsand membrane
energy balance.[8d Acetyl-L-carnitinemay alsoin-
creasetherate of peripheral nerveregenerationfol-
lowing injury by promoting release of nerve growth
factor.l99 In the short term, depletion of acetyl-L-
carnitine disrupts mitochondrial metabolism and
causes a toxic accumulation of fatty acids.[88] This
provides afurther mechanism for the neurotoxicity
of nucleoside reverse transcriptase inhibitors that
is not related to a direct effect of the nucleoside
analogue on mitochondrial DNA.

Recent understanding of the mechanisms in-
volved inthe genesis of pancreatitis point to the con-
clusion that this adverse effect associated with di-
danosine useisinfluenced by its metabolism down
the purine pathway. Long term didanosine expo-
sure does not appear to havedirect toxic effects on the
pancreas.[91 However, the role of oxygen-derived
freeradicalsin the pathogenesis of pancreatitishas
been demonstrated with a range of chemicals.[%2
Didanosine is metabolised to hypoxanthine, xan-
thine, uric acid and allantoin.[93] Xanthine oxidase
is an important generator of free radical's, suggest-
ing that the increased activity of this enzyme sec-
ondary to didanosine metabolism may be the
source of pancreatitis-inducing freeradicals.[®4 As
allopurinol treatment preventsthe generation of re-
active oxygen metabolites, it may haveabeneficia
effect in diminishing the risk of pancreatitis,!®? al-
though further data evaluating the potential for al-
lopurinol to increase didanosine exposure are
needed before use of this drug is investigated in
clinical practice.

7. Conclusions: Mitochondrial Toxicity
Occurs with Nucleoside Analogues But
Is Not the Cause of All Adverse Effects

Definitive evidence that the range of observed
toxicities with antiretroviral nucleoside anal ogues
isrelated to inhibition of mitochondrial DNA poly-
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merase y and subsequent mtDNA depletion are
lacking. Although some overlap exists between the
presentation of the adverse effects of nucleoside an-
aogues and familial mitochondrial disorders, this
overlap isfar from complete. First, familial diseases
tend to be multisystem, whereas nucleoside ana-
loguetoxicitiestend to occur at asinglesite (although
neuropathy and myopathy have been reported in
individuals subsequently presenting with lactic ac-
idosis). Secondly, familial disorders commonly in-
volvethe CNSand often the kidney, whereastoxicity
at these sitesis rare or unreported with nucleoside
analogues.

Clearly, in some in vitro systems and with suf-
ficient quantities of drug, mitochondrial toxicity,
as evidenced by respiratory chain defects, lactate
production, lipid droplet accumulation, declinesin
mMtDNA or ultrastructural changesin mitochondria,
can beobserved. Interpretation of datafrominvitro
systems is, however, difficult. Differences in the
phosphorylation of nucleosides and nucleotidesin
different cell lines and at specific sites may be par-
ticularly relevant. Resting cells such as neurons,
myocytes and adipocytes, as well as PBMCs and
macrophages, are al likely to activate thymidine
ana ogues only poorly, and so these drugs may have
a lower potential for causing toxicity in resting
cells than in actively dividing cells. The toxic nu-
cleoside analogue fialuridine was more efficiently
monophosphorylated by mitochondrial TK-2 than
by cytoplasmic TK-1, whereas stavudine is a poor
substrate for both enzymes and zidovudine is less
efficiently activated by TK-2. Thus, low concentra-
tions of phosphorylated zidovudine will exist in
mitochondria, and in certain patients may be suffi-
cient to be toxic at least to myocytes, whereas any
phosphorylated stavudine may need to diffuse, or
be transported, into the mitochondria before toxic-
ity could occur.

Free radicals may be important in nucleoside
toxicity, potentially playing a role in didanosine-
related pancreatitis. In vitro data have demon-
strated the role of free radicals in the effects of zal-
citabineonrat myocardium. AnincreaseinmtDNA
oxidised guanosine levels, amarker of freeradical
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production, has also been observed in mouse liver
cellstreated with zidovudine. Thiseffect waslimited
invitro by treatment with vitamins C and E. How-
ever, theimpact of freeradicalsisalso likely to be
greater if mitochondrial dysfunction is present.

Chemotherapeutic nucleoside analogues cause
cellular damage through integration into genomic
or nuclear DNA, leading to nuclear chromosomal
breakage, whichinturn triggers cellular apoptosis.
Integration into nuclear DNA has also been ob-
served with antiviral nucleoside analogues; on the
basis of the available data, integration rates amongst
thethymidine anal ogues are highest for fialuridine,
intermediate for zidovudine and lowest for stavud-
ine. Cells exposed long term to zidovudinein vitro
demonstrate both chromosomal aberrations and
nuclear fragmentation aswell as mitochondrial dam-
age with lipid accumulation. Duration of exposure
appears to correlate with the extent of zidovudine
accumulation in genomic DNA, and as zidovudine
isasubstrate for polymerase 3 it may not beremoved
from the DNA even after the drug is discontinued.
Additionally, deletionsin genomic DNA caused by
nucleoside analogue-related chain termination
may have greater effects in progeny cells than in
the parent cell. Thus, the genotoxicity of nucleo-
side analogues may be delayed. Delayed toxicity
has been observed with fialuridine in the clinical
trial of this agent and, in vitro at least, damage to
mtDNA with zidovudine appearsto be delayed. Fi-
nally, asgenomicintegration of zidovudineisgreatest
in the telomeric region of the chromosomes, an ob-
servation not seen with didanosine, stavudine or fos-
carnet, this may accelerate cellular aging or dimin-
ish the number of cell divisions a cell line may
complete.
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